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DECLINATION RATE 
and Related Interferometric Schemes for 

PRECISE SATELLITE TRACKING 

Abstract  

A study of optical and microwave interferometers  and related systems 

for  precision satellite tracking was motivated by the high angular 

resolutions reported with interferometr ic  systems. 

tracking schemes a r e  analyzed and compared. 

(paragraphs 3 and 4 below) a r e  strictly interferometric;  Systems 2 

and 5 resemble interferometers ,  measuring angles relative to a 

baseline joining two stations, and System 1,  while not interferometric,  

i s included for  comparison. 

Five novel 

Systems 3 and 4 

1. 

to a s ta r  and a point on the ground with an  accuracy of 10  cm. 

the positions of mos t  s t a r s  a r e  not well enough known €or precise  

comparisons,  so  the system would have to be transported to random 

(usually undesirable) places to observe occultations of a few standard 

s ta rs .  Moreover,  a special satellite i s  required since, except for  

balloons, existing satell i tes a r e  too small ,  and balloons a r e  perturbed 

by unpredictable forces.  

is  given. 

In principle a s t a r  occultationsystem can locate a satellite relative 

However, 

A possible but improbable satellite design 

2. The second system would measu re  angles by triangulation, using 

the differential range between the satellite and two lidar (optical 

r ada r )  stations a t  the ends of the baseline. 

system is based on picosecond pulses f rom the n e o d F i u m - g l a s s  laser. 
System development i s  premature,  because some components, though 

laboratory demonstrated,  a r e  not fully developed. The accuracy is 

limited by atmospherics  and pulse length. 

baseline (enclosed in a pipe that i s  straight a t  l eas t  in segments), 

This differential l idar  

Wi th  a 1, 500 me te r  

i 



- 7  
the ultimate precision should exceed 1 0  

or  1 0  cm a t  a range of 2 Mm. 

system for long-range planning. 

advanced status with beneficial resul ts  along the way. 

radian = 0. 02 a r c  sec,  

Differential l idar i s  an advanced 

There  a r e  logical steps to the 

3 .  

properties which probably r e s t r i c t  i t s  use  to synchronous (24-hour) 

o r  near-geostationary orbits,  f o r  which the measurement  of dec-rate  

( ra te  of change of the satell i tes declination angle) i s  especially 

important. The 10-micron dec-rate  sys tem with a nearly polar 

baseline of 300 m e t e r s  will give accuracy of 0. 3 x 1 0  rad  = 0. 01 

a r c  sec. At the geostationary orbit range of 40 Mm, this e r r o r  i s  

1 0  me’ters. 

mission which will ca r ry  a carbon dioxide l a se r  t ransmit ter  on the 

satellite. We strongly recommend building the interferometer for  

this mission, a r a r e  opportunity to t e s t  the concept at reduced cost  

and the f i r s t  of the logical steps toward System 2. 

An interferometer based on the carbon dioxide l a se r  has 

- 8  

The sys tem i s  especially simple to  build fo r  the ATS-F 

4. The microwave sys tems a r e  large and complicated, requiring 

two s i tes  a t  the ends of a very long baseline plus active participation 

of the satellite. The impressive angles (e. g. , 1 /1000  a r c  sec )  for 

very-long-baseline interferometers  (VLBI) re fer  to resolution, not 

absolute angular position. 

and active satellite systems already exis t  and may be useful in 

special cases .  In par t icular ,  we suggest testing a differential VLBI 

system 

f o r  measuring the position of a celestial  radio source. 

i s  nearly behind the satell i te,  the differential angle can be measured  

accurately,  comparable to  VLBI astronomical resolution. 

Nevertheless, much microwave equipment 

which uses  the signal from a satellite a s  a local oscillator 

When the source 

ii 



5. 

sys tem . 
active transponders on the satellite. 

Another version of microwave VLBI i s  a differential range rate 
The concept is instructive, but the system requires  two 

In conclusion, we reqommend building the 1 0-micron dec-rate  system 

for the AT$-F missicm to evaluate optical interferometry followed, 

if successful, by step9 toward the differential l idar system. 

ii i 
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DECLINATION RATE 
and Related Interferometric Schemes fo r  

PRECISE SATELLITE TRACKING 

The work reported h e r e  i s  partly experimental but mostly a systems 

analysis of candidate angular tracking systems i n  comparison to one 

another and to existing tracking systems. 

measured the temperature fluctuations on Mt. Pa lomar  to gain a 

rough measure  of the atmospheric limitations on interferometric 

satell i te tracking sys tems. 

a r e  reported i n  Appendix B were then applied to the comparisons of 

the candidate tracking systems. 

par t s  of which the f i r s t  i s  entitled "Background", 

for this study and establishes the need for  interferometr ic  tracking i n  
Sec. 1.1. In Sec. 1 .2  a special f o r m  of angular tracking called s t a r  

occultation i s  described. 

to do with interferometric systems,  but represents  a possible means of 

obtaining precision angles that may be used a s  a bas i s  of comparison i n  
deciding whether interferometry i s  worthwhile. 

begins the transition to the main topic of interferometric systems. 

section describes the triangulation properties of interferometers  and 

other systems which a r e  based on the concept of two stations connected 

by a baseline. 

In  the experimental task we 

The resul ts  of the experimental task which 

This report  i s  divided into three 

It gives the motivation 

Unlike the r e s t  of the report  i t  has nothing 

Section 1. 3 i n  P a r t  1 
This 

P a r t  2 entitled "Candidate Tracking Systems" describes the bulk of the s h d y  

i n  which the angular accuracy and other properties of the principal candidate 

systems a r e  derived. These candidates a r e  

* A differential lidar system based on picosecond pulses 

obtained from the neodymium:glass laser  (Nd:glass) 

at  1.06 micron, 

A dec-rate system based on the carbon dioxide l a s e r  

at  10.6 microns 

A very-long- baseline interferometer (VLBI) system 

based on measurements of differential angle f rom a 

a satell i te to a celestial  radio source 

A microwave differential range r a t e  system. 

* 

* 

.I. 1- 
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P a r t  3 of the repor t  contains the comparisons,  recommendations and 

conclusions. Here we find that i n  genera l  laser systems have more 

growth potential for  the following reasons:  

:: Like the laser satell i te ranging sys tems,  the laser 

in te r fe rometers  do not requi re  the active participation 

of the satellite. 

suffice. 

The laser in te r fe rometer  o r  re la ted laser angular tracking 

sys tem will use a relatively shor t  baseline that will f i t  

on a single parcel of land where both stations may be 

manned by a ;ingle crew. 

Microwave VL.BI sys  tems  require  e laborate  techniques 

to replace the direct  link between the two stations 

along the baseline. 

A passive laser retroref lector  will 

4. 1- 

J. -4. 

Our principal recommendation i s  that the 10-micron dec- r a t e  system should 

be built f o r  the ATS-F satell i te mission,  since the satellite's act ive laser 

provides a ' r a r e  opportunity to tes t  the optical interferometr ic  concept a t  

great ly  reduced cost. 

valuable, s teps  should be taken to t ransform the technique into the differ- 

ential l idar  system based on the Nd:glass picosecond pulse lasers. 

la t ter  sys tem i s  much m o r e  versat i le ,  measures absolute angles instead 

of only angle r a t e s ,  and is usable  with the type of re t roref lector  which i s  

a l ready attached to six satell i tes now i n  orbit. 

After  this i f  the tracking system proves  sufficiently 

The 

Throughout this study we adhere  to cer ta in  ground rules. 

the satell i te can c a r r y  the retroref lector  f o r  any inf ra red  wavelength out 

to 10 microns,  o r  simple active microwave sys tems such as t ransmi t te rs  

or  transponders.  

that are  m o r e  complicated than these,  except for  the special case of the 

We assume that 

We do not assume that the satell i te will c a r r y  sys tems 

ATS-F satell i te for  which the carbon dioxide laser beacon i s  a l ready  

planned. 

even a t  accuracies beyond that to which the velocity of light (c) is  known. 

The light second i s  constant and provides a seif-consistent se t  of measure- 

ments whether o r  not i t  c an  be related to the s tandard m e t e r  with the same 

Next, we r ega rd  the light second as a valid measure of distance 

2 



accuracy. Finally, we omit discussions of various corrections that would 

have to be included in  an operational orbi t  determination program, simply 

because these corrections have no bearing on the comparison and tradeaff 

of the various systems, Corrections such a s  relativity, solar  p re s su re ,  

atmospheric refraction, high harmonics of the gravitational potential 

either effect all systems s imilar ly  o r  may be entered a s  precise  corrections 

which do not effect the final accuracy of the system in question. 

the boots trapping techniques which remove the uncertainties in the location 

of tracking stations by repeated tracking of many satellites wilt a l so  apply to 

a l l  systems equally. Finally, the effects of timing e r r o r s ,  i . e . ,  clock 

synchronization amongst the tracking stations, a r e  severe,  but common to 

all types of tracking. Therefore,  timing is not discussed h e r e .  

Similarly, 

3 
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1 . 1  MOTIVATION FOR INTERFEROMETRIC STUDIES 

A good summary  of the current  status of satell i te tracking and the needs 

for  more  precise  tracking may  be found in R e f .  1 entitled "Geodesy - 
cartography", P a r t  13 of "Useful Applications of Ear th  Oriented Satellites". 

The authors of this report  use the t e r m  dynamic geodesy to refer to the 

determinations of various positions on the ear th  and gravity harmonics 

that resul t  f rom the precise  tracking of satellites. Regarding dynamic 

geodesy they say in part: 

"There is apparently no limit to the accuracy with which 
satellite position in orbit must  be determined. Fo r  most  
applications, an accuracy of sensor  positioning to a few 
tens of m e t e r s  s eems  adequate; for  others,  such as measuring 
geoid profiles a few me te r s  is  required; for  ultimate objec- 
tives, such as  dynamic oceanography, a few cent imeters  is 
necessary.  
be obtained will eventually be exploited. ' I  

The conclusion is that whatever accuracy can 

The same  reference summarizes  the accuracy with which satell i te poqitions 

may be determined: 

"Spacecraft positions can be established within an  e r r o r  
ellipsoid whose principal axes  a r e  f l O O  m along track, 
f 1 0  m ac ross  track, and f 30 m in elevation. I '  

This accuracy should not be confused with the accuracies  of predictions 

for  acquiring a satell i te track. 

forces  will act  to decay the accuracy to about 1000 m along t rack and 

200 m e t e r s  ac ross  track. 

Between a fix and a prediction, uncertain 

By prolonged tracking of a number of satell i tes with the same  set  of 

stations, one can employ bootstrapping techniques to establish better 

coordinates of the tracking stations themselves. 

Geodesy - Cartography panel states:  

On this topic the 

"The geocentric coordinates of approximately 25 tracking 
stations have been established with an e r r o r  of about & 15 
me te r s ,  ' I  

5 



This number differs only slightly f r o m  the estimated e r r o r  of 10 me te r s  

given by Lehr  [Ref. 21 f o r  Baker-Nunn camera  stations. 

in the range f r o m  10 to 100 me te r s  may readily be converted to an  equi- 

valent angular accuracy be dividing by a typical range to a geodetic 

satellite, say 2 megameters .  

5 to 50 p radians o r  1 to 10 a r c  sec". 
havepotentiatforimprovedaccuracy, i . e . ,  e r r o r s  << 1 a r c  second. 

The fix accuracies  

The resulting angles fa l l  in the range 

The sys tems we compare i n  detai la l l  

Systems current ly  in use  fo r  satellite tracking a r e  based on the m e a s u r e -  

ment of range, range rate  o r  angle. The angular systems a r e  the Baker-  

Nunn cameras  and the minitrack interferometers.  

a r e  the more accurate  of the two; they routinely produce satellite position 

measurements  with an  accuracy of 2 to 3 a r c  sec [Ref. 21. 

The Baker-Nunn systems 

The motivation f o r  this study derives from the comparison of the Baker -  

Nunn accuracies  with angular resolutions that have been obtained with 

interferometry.  Microwave VLBI has realized angular resolutions on 

the order  of a r c  sec [Ref. 31. Moreover,  in a c lass ic  optical 

experiment Michelson [Ref. 41 succeeded in measuring s t a r  diameters  

a s  small  a s  0. 02 seconds of a r c  = lO-?rad with his celebrated s te l la r  

interferometer,  despite the difficulties of working with white light 

interference. 

VLBI f o r  the ultimate angular accuracy, but these numbers apply to 

angular resolution rather  than absolute accuracy. 

these a r e  angles that define the s t ructure  of a very small  but extended . 

source and do not give the absolute angular directions of the source in 

geocentric coordinates. 

and studied f o r  the la t te r  application the balance t i l ts  in favor of the 

optical techniques. 

A comparison of 0 . 0 2  and 0. 001 a r c  sec  suggests using 

In other words,  

When the interferometr ic  concepts a r e  modified 

4. e,. 

F o r  the most  par t  in this report  we shall  deal with angles expressed a s  
radians o r  microradians,  but for  comparison with other data i t  is often 
necessary to have the conversion factor: 

1 a r c  sec  = 4. 85 p r a d  

6 



The novel systems described in this report  will be capable of exceeding 

the Baker-Nunn accuracy, providing they a r e  developed to the fullest 

extent allowed by the theory described herein. Xowever, practical  

limitations and compromises for cost  reauction may  degrade the p e r -  

formance of an  actual sys tem below that estimated herein. 

i t  is desirable to descr ibe certain significant benefits of interferometr ic  

and related sys tems that cannot be summarized mere ly  a s  absolute 

accuracy in the typical tracking situation. 

subsections, the f i r s t  of which descr ibes  benefits of mixing data types, 

and the second descr ibes  equatorial orbits,  especially geosynchronous 

( 2 4  hour) ones for  which existing tracking systems a r e  inadequate. 

Therefore,  

This is done in the following 

1. 1. 1 Mixture of Data Types 

Suppose that the typical tracking e r r o r s  of two tracking systems are  

about equal for  orbits of typical geodetic satell i tes,  and fur ther  suppose 

that the two systems differ drastically in their physics o r  kinematics. 

Then i t  is  advantageous to build a tracking net that consists of both types 

of systems instead of relying entirely on one o r  the other. 

allows certain bootstrapping techniques to operate for  removal of e r r o r s ,  

since the two react  to various perturbing influences in different ways. 

Lundquist [Ref. 5 ] has remarked on this type of improvement a s  follows: 

The mix 

"Satellite geodesy has  matured to the state where it is a 
recognized branch of geodetic science with i ts  own estab-  
l ished procedures. 
begins a t  a tracking station, which measu res  some quantity 
depending on satellite position o r  velocity. 
yields an  equation of condition relating orbital elements and 
geodetic parameters .  Very many such equations a r e  used 
to refine orbital  elements and geodetic parameters ,  ei ther 
simultaneously o r  cyclically. In these solutions the equa - 
tions need not a l l  a r i s e  f rom measurement  of the same 
function of satellite position o r  velocity. Rather, a blend 
of data f r o m  various tracking systems can strengthen 
the solution. (emphasis ours )  

The conventional cycle of analysis 

Each observation 

7 



In this sense precision interferometry can make valuable contributions 

to tracking, because i t s  angular reference i s  entirely different from that 

of other techniques. 

i s  in par t  the geographic location of the tracking station (note that the range 

rate  vanishes a t  the closest  point of approach to the station) and in par t  

the known angular positions of gravitating bodies (especially the sun and 

moon) which influence range rate  by perturbing the orbit. Fo r  tracking 

with the Baker-Nunn cameras  the angular reference i s  the s t a r  field 

against which the satell i te i s  photographed. 

the angular reference f o r  the interferometer is one o r  m o r e  baselines 

which a r e  fixed in the e a r t h k  crust .  

stations fixes the satell i te on a cone for  which the baseline joining the two 

stations i s  the axis. 

In range and range-rate tracking the angular reference 

By contrast  to these systems 

Each measurement  with a pair  of 

Moreover, the accuracy of the three fo rms  of tracking i s  limited by 

different factors.  

important source of e r r o r  in a l l  forms  of tracking in the direction along 

the satell i tes track. 

range - ra te  i s  limited by uncertainty in the troposphere and ionosphere, 

the Baker-Nunn systems a r e  limited by the accuracy of image m e a s u r e -  

ments in a photographic emulsion, while the interferometric schemes a r e  

limited by the gradient of the refractive index of a i r  projected along the 

baseline. 

improvement once the sys tem has been fully optimized. 

systems cer ta in  technical difficulties limit the current  accuracies  to 

values that fall  short  of the limit. 

considerations l imit  the accuracy of l idar (optical radar )  range determina-  

tions to 1 o r  .2 mete r s  instead of the atmospheric  limit of about 1 0  cm. 

From these considerations it i s  c lear  that the use  of interferometric angular 

data wil l  strengthen the mix of data that i s  used in the overall orbit deter-  

minat ion problem. 

Unfortunately timing of the tracking events is an 

However, in the c r o s s  t rack direction range and 

These factors  refer  to the physical b a r r i e r s  that limit fur ther  

In specific 

For  example, electronic and operational 

8 



1. 1 .2  Equatorial and Especially Geosynchronous Orbits 

This  subsection considers the value of data mixtures  f rom the point 

of view of kinematic leverage. 

of intersection between two curves that determine a satellite fix. 

is, suppose one datum locates a satell i te on a surface with a certain 

accuracy, a second datum locates i t  on another surface which intersects  

the f i r s t  in  a curve, and a third datum locates the satell i te on a third 

surface which intersects  the curve in a point, this point being the fix. 

If the angles of intersection of the various surfaces a r e  small then the 

e r r o r s  a r e  amplified and the leverage is said to be poor. Conversely 

la rge  angle intersections give good kinematic leverage. Alternatively 

one m a y  be using a known satell i te orbit  as a coordinate reference with 

which to locate the tracking station. In this inverse problem ( o r  geodetic 

experiment) the same principles apply in  r eve r se  except that the surfaces  

o r  curves  intersect  to locate the tracking station a t  a geographic position 

and elevation on the ground. 

orbits in which the kinematic leverage f rom existing tracking systems is 

especially poor. 

By kinematic leverage we mean the angle 

That 

The concern of this subsection is the special  

Regarding the overall  problem of dynamic geodesy, the geodesy - cartography 

panel has  stated: 

"The lack of data on satell i tes with lower inclination is a 
significant deficiency in the data base.  " [Ref. 13 

An equatorial orbit is a degenerate case  for  range-rate  tracking, because 

a l l  passes  over the tracking station a r e  in an east-west direction. In 

these cases  i t  would be particularly desirable to have a declination o r  

dec-rate  tracking system to measu re  directly the small  movements in 

the north - s ou th direct  ion. 

The degeneracy of range-rate tracking worsens if the orbit is  geosynchronous, 

especially if it is near ly  geostationary. 

a severely degenerate kinematic condition that gives special importance 

An analysis in Appendix A descr ibes  

9 



Abbreviations and Satell i te Orbit Nomenclature 

- dec - 

dec  r a t e  = 

p r ad  = 

M m  - 

R - 

- 

- 

hour anglc,  i .  e . ,  east-west o r  longitudinal position of 

the satel l i te  

6 o r  declination = latitude o r  north-south position of 

satel l i te  

d6 /dt  

6 
radian = 1 a r c  sec /4 .85  

10 m e t e r s  = 1000 km. 

range to the satell i te f r o m  ea r th ' s  center  o r  any tracking 

station in question 

V L B  - 
ODP - 

- 
(B 

GM 

range r a t e  = dR/dt  = R 

eccentr ic i ty  of elliptical satell i te orbit  

inclination of the orbi t  (see below) 

right ascention of satell i te o r  other point ( s ee  below) 

RA of ascending node ( see  below) 

argument  of perigee ( see  below) 

t rue  anomaly (see below) 

ve ry  long baseline 

orbit  determination p rogram 

gravitational const t imes mass of the ea r th  

mean  (anomalis tic) motion, revolutions pe r  day 

TELLITE ORBIT 
I 

EARTH 7 x 

ASCENDING 
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to  declination o r  dec -rate measurements  for  precise  determination of 

geostationary orbits. 

range-rate data, the degeneracy causes excessive e r r o r  in the orbital 

elements that descr ibe residual movement in  declination, namely inclina- 

tion and right ascention of the ascending node. These and other orbital  

elements and abbreviations used in  the following discussion a r e  defined 

in the l i s t  and Fig. p. 1 0 .  

not e w o rthy: 

When an  orbit is  determined solely f r o m  range o r  

Two resul ts  of the analysis in Appendix A a re  

:;: Without dec o r  dec-rate tracking, i and Srz a r e  not 

determined a s  well a s  e and R t W, 

A bonus f rom dec-rate  tracking is greater  sensitivity 

to tidal perturbations, which relate the orbit to the 

known angular positions of the sun and moon. 

.L -8. 

By "tidal" we mean the. differential acceleration between satellite and 

ear th  as  caused by the moon and sun, not the change in  ear th  gravity 

that resul ts  f rom ocean tides. A more  detailed diagram of the logic 

and resul ts  of Appendix A i s  given on p. 1 2 .  Here the figure and 

equation numbers a l l  refer  to Appendix A,  and the orbital elements 

and other abbreviations a r e  defined on p. 10 .  

Having demonstrated the need for declination o r  dec-rate tracking of 

geostationary satellites, we should comment on the ability of Baker - 
Nunn photographs to provide the declination measurements.  The threshold 

f o r  detection of a geostationary satellite with this system is approximately 

13th magnitude. 

and cannot be photographed except with a la rge  astronomical instrument. 

Large satell i tes including ATS-F will be bright enough for  the Baker-  

Nunn, but the accuracy leaves much to be desired.  A t  40 Mm, the 

geostationary satellite distance, the usual e r r o r  of 2 o r  3 a r c  sec  implies 

a 600 me te r  linear e r r o r .  

Small  satellites such as ATS-1 exceed this magnitude 

The geostationary orbit has  been emphasized here  because i t  is an  

especially simple case  to analyze, and because of the importance of 

11 
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the ATS-F to this study. 

concerned with inclination measurement  weakens if the orbit inclines 

significantly. The par t  concerned with tidal force  to relate the orbit 

to sun and moon positions weakens if the orbit i s  not synchronous. 

F o r  other orbits the par t  of our argument 

The kinematic leverage on an equatorial orbit  improves greatly i f  the 

satellite has a low orbit and i s  tracked from high latitude stations (see 

Appendix A, Fig. 2).  

1 3  



1 . 2  STAR OCCULTATION SYSTEM 

To realist ically evaluate interferometr ic  satell i te tracking and related 

systems that measu re  angles relative to a baseline, i t  is important to 

compare them to any other means of obtainhg angular tracking data, even 

though these means a r e  radically different. 

intriguing possibilities that i t  is discussed here  as background information 

which should influence any decision to build ( o r  refrain f rom building) a 

major  angular tracking facility that is  intended for  angular accuracies  on 

the order  of 0. 01 a r c  sec. 

number of smal l  star tracking telescopes and an accurate  clock. 

telescopes a r e  set  up in advance in  a position where a satell i te may be 

observed to occult a s tar .  When the occultation is observed on two o r  

more  of the telescopes, and the time is noted, the data provide a precise  

relationship between the satell i te,  the s t a r  and a point on the ground at  a 

known time. We assume a low-orbit satell i te within the ear th ' s  shadow. 

One such scheme has such 

The sys tem i s  portable and consists of a 

The 

The s t a r  occultation technique was originally studied by Gordon [Ref. 61 
and Kolaczek [Ref. 7 1. 
formidable. The mos t  important advantages a r e  that the basic accuracy 

of measurement  on the ground is about 10  cm, and the sys tem is simple 

and portable so that i t  could be moved to many continents and islands for  

geodetic measurements  around the world. The main disadvantages a r e  

that a special  satell i te would be required, and there  a r e  few s t a r s  whose 

relative positions a r e  known well enough to maintain the basic precision 

of 10  crn when occultations of various s t a r s  a r e  compared. 

Its advantages and disadvantages a r e  both 

The basic advantage of the sys tem derives  f r o m  two considerations. To 

understand the f i r s t ,  think of a particular s t a r  a s  though i t  were  the only 

light in the sky, and the satellite as a body that cas t s  a shadow on the 

ear th  as  i t  moves a c r o s s  in i t s  orbit. The satell i te and i ts  shadow a r e  

both large ( tens  of m e t e r s )  to provide a good chance of finding the shadow 

with a reasonable number of telescopes. Note that the sharpness  of the 
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shadow, i. e . ,  the distance in passing from dark to light, i s  determined 

by the large aperture  of the satellite cross-sect ion and has nothing to do 

with the small  aper ture  of the telescope o r  with i t s  pointing accuracy. 

The telescope need only be large enough to see  the s t a r  with a short  

photoelectric t ime constant so  that the time and duration of occultation 

can be accurately recorded. 

near field of the satell i te aperture.  Here the dimension over which the 

shadow changes from light to dark i s  approximately &%, where R i s  

the range to the satellite and h is the wavelength of 0.  5~ for  visible 

light. If we choose a ra ther  typical range of 2 Mm (1000 km)  then the 

shadow sharpness is  one meter ,  of which one can judge the center to an 

accuracy of at  least  10  c m  with a reasonable signal-to-noise ratio. 

Optically the occultation is  observed in the 

The second consideration which permits  particularly high accuracy by 

s t a r  occultation derives from the e r r o r s  caused by image dancing, that 

i s  the bending of light rays  in turbulent layers  of the atmosphere.  The 

Fig. p. 16 shows a bend occuring in the a i r  a t  a height h above the 

ground and a distance r - h  from the satellite. When the angle reference 

i s  a baseline fixed on the ground, the l inear  e r r o r  i s  caused by the angle 

of bend operating on the long lever  a r m  r - h  . By contrast, when the 

angle reference i s  a s t a r ,  the e r r o r  angle operates on the short  lever 

a r m  of length h . If the light ray bends through an angle of 1 a r c  sec 

at  a height h = 10 km, then the l inear error is 

hA0 = 1 0  km X 5 X = 5 c m  , 

Now let  us consider the kind of satellite that i s  required to observe the 

occultation. 

direction is somewhat m o r e  accurate  than the garden variety of 

prediction; e. g . ,  let  us  suppose that we know where to look with an 

accuracy of 4 X 10-4rad. Again imagine that the s t a r  in question i s  the 

only light in the sky. 

that there is an uncertainty of 1 0 0  me te r s  in our knowledge of where the 

Suppose that the satellite ephemeris  in the c ros s  track 

If the range to the satell i te i s  2 Mm, this means  
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shadow will pass  along the ground. 

diameter should be tens of me te r s  s o  that the distance of 100 me te r s  can 

be covered with a reasonable number of telescopes to intercept the shadow 

on a t  l eas t  two of them. 

balloon satell i tes,  which unfortunately a r e  s o  lightweight that their  orbits 

a r e  perturbed unduly by random forces.  

the satel l i te ' s  movement i s  not known sufficiently well to use the satellite 

a s  a geodetic reference o r  fiducial mark.  

We have already noted that the satellite 

The only existing satell i tes of this size a r e  the 

In other words,  the history of 

One such small  random force i s  the radiation pressure  from ear th  albedo. 

The effects of this force have recently been identified by Prior in satellite 

tracking data [Ref. 8 3. 
[Ref. 9 I . ,  we have considered the effects of albedo noise, on the assumption 

that the average albedo will be accurately known f r o m  weather satellites. 

By albedo noise we mean such things a s  variations in the amount of ocean 

covered by clouds. 

ocean has a very low albedo and looks dark  f rom above while clouds have 

high albedo and look white. 

forces  that act  upon a large balloon, f o r  example the atmospheric density a t  

high altitude [Ref. 1 0  1. 

While Prior used est imates  of average albedo 

Ocean and clouds a r e  an appropriate example since 

Of course there a r e  a lso uncertainties in other 

However, w e  chose to emphasize ear th  albedo 

forces because of i ts  obvious dependence on cloud cover, an extremely 

variable quantity. 

small  perturbation in the albedo suffices to spoil the orbit of the balloon 

such a s  Pageos in so  f a r  a s  geodetic accuracy on the order  of 1 me te r  i s  

concerned. 

In Appendix F of this report  we show that an extremely 

Now consider the requirements  of a special satellite that would avoid the 

random forces  f rom the ear th ' s  albedo and from random variations in the 

solar  radiation pressure.  The satellite mus t  have both a large c r o s s -  

sectional a r e a  and a small  interaction with radiation. 

a r e  incompatible unless the satellite cooperates by changing its radiation 

cross-section on command when the satellite moves into the ea r th ' s  shadow. 

The Fig. p. 18 shows a possible futuristic design f o r  a special geodetic 

These requirements  
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Conceivable S tar  Occultation Satellite 
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satell i te, that  would combine the required properties.  

spin stabilized with i ts  axis pointed a t  the sun. 

periphery i s  a large plastic disk that has been gathered together with a 

pull-cord rather like a curtain. Whenever the satell i te passes  into the 

The satellite i s  

The mater ia l  around the 

' e a r th ' s  shadow, the pull-cords may be released on command. Centrifugal 

force then extends the disk into an effective s t a r  occulting area.  

aid of vanes that act  a s  solar  sails (not shown), one can build a passive 

attitude-control sys tem that keeps the spin axis pointed a t  the sun [Ref. 111. 

With the 

A m o r e  fundamental limitatison on the s t a r  occultation sys tem is the accuracy 

withwhich the absolute o r  relative positions of the s t a r s  a r e  catalogued, 

Gozrdon [Ref .  5. ] has tabulated the average accuracy a s  a function of 

magnitude of the s ta r .  

may be found in various par ts  of the sky have been tabulated by Allen [Ref. 12  3. 
If we were  to f i r s t  choose an a r e a  say an island like Hawaii with the idea 

of observing the occultation of any convenient s t a r  that comes along, then 

the odds a r e  that the s t a r  would have to be of magnitude 7 o r  8. 

angular positions of such s t a r s  a r e  not known to the accuracy comensurate 

with the required accuracy of geodetic measurement  on the order  of a meter.  

Rather one should choose a very small  number of bright s t a r s  a s  reference 

points in the celestial  sphere and then let  the satellite shadow with respect 

to these s t a r s  pass  wherever  they wil l  around the earth. 

continental a r e a s  a r e  certain to fall in the path of the shadows, and the 

experiment would have to be set  up in  a wide variety of places around 

the world that a r e  l e s s  than ideal si tes.  

The frequency with which s t a r s  of various magnitudes 

But the 

Only large 
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1 . 3  TRIANGULATION CONCEPT A N D  INTERFEROMETRY 

The remainder  of this report  deals with precision angle measurements  

by the triangulation concept i l lustrated in the Fig. p. 21. 

f o r  measuring angles i s  the baseline, and the angle 0 is the complement 

of the angle which the baseline makes with the line-of-sight to the target. 

The figure shows a signal wavefront above the atmosphere,  and two rays 

from the wavefront that follow different paths to a r r ive  a t  the same  

detector. 

wil l  see  interference betweeh the two rays and wil l  count the interference 

fringes. However, if the incoming signal i s  a pulse of light, the detector 

wil l  receive one pulse via each ray, and the receiver  will time the delay 

between the two. 
microwave components may  replace the optical ones attached. 

The reference 

If the incoming signal i s  a continuous wave, this detector 

In e i ther  case the basic triangulation applies. Also 

In the Fig .  p. 21 the baseline is not necessar i ly  horizontal. Instead, 

horizontal.is the average direction of the wavy line that indicates the 

approximate upper boundary of the troublesome par t  of the troposphere, 

i. e . ,  the a i r  in which refractive index variations a r e  a significant source 

of e r ro r .  

nearly paral le l  to the polar axis, i. e . ,  the ea r th ' s  spin axis. If the 

direction of the baseline is  exactly north and south, and if  the upward 

slope i s  equal to the (northern) latitude, then 0 i s  equal to S , the 

declination. 

wil l  be impractical  to build, s o  we t rea t  the general  case in which 8 
i s  the angle to the target measu red  f rom a plane perpendicular to the 

bas eline. 

The northern station is elevated so  that the baseline is more 

However, there  is a good chance that this much baseline slope 

1. 3. 1 Propagation Path Analysis 

The triangulation measurement  depends upon the difference in effective 

path length between the two rays a s  they pass  from the wavefront to the 
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detector. Effective path p i s  the pulse o r  phase propagation t ime 

multiplied by c (velocity of light); i t  i s  given by 

r 

1-0-s 

p = ; na(s)ds  , 

where 1-0-s indicates integration along the line-of-sight, and n is 

the refractive index of a i r ,  c / v  , where v i s  the group o r  phase velocity 

in a i r  depending on whether triangulation i s  by pulse o r  interferometry,  

a 

respectively. 

above the atmosphere to avoid any confusion between the par t  of the 

northern path that equals b s in  0 and the par t  of both paths caused by 

the refractive index of a i r .  The distance a i s  a detector offset f rom the 

center of the baseline, a quantity that wil l  be adjusted to achieve certain 

advantages a s  discussed la ter .  The equations below express  p in t e rms  

of the geometry of this figure. 

the same f o r  both the north and south rays (note the subscripts n and 

s) a r e  lumped into "const": 

The figure shows the basic triangle drawn in dash l ines 

Here the par t s  of the phase path that a r e  

= const t b sin 0-a Pn 

p, = const t Ap(air) t a 

The correction Ap(air) accounts f o r  the extra  amount of a i r  above the 

southern interferometer  station, since i t  i s  a t  lower elevation. The 

extra path length in a i r  a t  the southern station equals bg( 0, y),  where 

g i s  a function of the pointing angles 8 and cp, and of the orientation 

and slope of the baseline. It follows that 
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where n 

bg next to the ground a t  the southern station. 

i s  the average refractive index of a i r  over a distance of ao 

The path difference between the two rays is the measured  quantity 

f o r  which the. above equations give 

To solve this equation f o r  0 we do not have to t rea t  g(0) a s  unknown, 

since this i s  a smal l  correction t e r m  and the nominal value of 8 , i. e. 

nom 8 
finally, 

(from ephemeris  o r  telescope shaft angles) suffices here,  s o  

Equation (2)  i s  the fundamental equation for the angular measurements .  

For  various estimates we need an approximate version of Eq. (2)  which 

neglects the small  a twospheric  correction, namely 

sin 8 (q  t 2a) /b  ( 3 )  

In the systems discussed in P a r t  2 of this report ,  i t  i s  advantageous to 

place the detector (Fig.  p. 21)  a t  the point along the baseline where q = 0, 
i. e . ,  the two propagation paths a r e  near ly  equal. 

we set  q = 0 in Eq. (2)  and solve f o r  the detector offset a : 

To locate this point: 

a = i b s i n 0 .  (4) 

Note that a C b / 2  , s o  the required position always exists.  
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1. 3 .  2 E r r o r  Analysis 

The basic equation f o r  tracking e r r o r  A 0  i s  

cos 0A0 = (Aq t s ) / b  f gAnao (5)  

Several  features  of this require explanation. 

from differentiating Eq. (21, but an additional e r r o r  e in the effective 

path i s  inser ted to allow for random a i r  temperature  differences between 

the two lines-of-sight. 

quantity 

temperature  fluctuations a r e  statist ically independent, which means that 

the r m s  total e r r o r  is the root-sum-squares  that equals E: . 

Two of the t e rms  come 

Thib e r r o r  is indicated in the Fig.  p. 21 by the 

The two stations a r e  f a r  enough apart  so  that the a i r  

Equation ( 5 )  contains no t e rms  in ha o r  Ab, because we a r e  assuming 

that these two distances a r e  rigidly fixed in the ground so  that their  

only changes a r e  the very small  ones that result from microse ismic  

and tidal phenomena.': Of course,  even if these quantities a r e  precisely 

constant there can be a systematic e r r o r  from imperfect precision in 

measuring them. However, we shall a s sume  that constant systematic 

e r r o r s  wi l l  be removed by the usual bootstrapping techniques used in 

orbit determination programs.  That i s ,  many quantities a r e  t reated 

a s  unknowns and adjusted to obtain a best  fit to a l l  the tracking data. 

In a s imi la r  manner  the precise  location of various tracking stations 

has been determined by treating these locations a s  an unknown during 

the orbit determination process .  

P a r t  I1 of this report  follows immediately and descr ibes  candidate tracking 

systems based on the principles described here .  

systems i s  interferometric,  i. e . ,  q i s  m e a s u r e d a s  NX , counted 

wavelengths o r  interference fringes. 

inte rf e rome t r ic s ys tems  become s 

A.11 except one of the 

The e r r o r  t e r m  Aq [Eq. ( 5 ) ]  f o r  

Aq = ANA t NAX . 
.I- *,* 

order  of radian 
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If the signal-to-noise ratio is large enough, the f i r s t  t e r m  is minimized 
by accurately determining the phase of the beat between the signals f rom 

the 2 aper tures ,  o r  in optical parlance, accurately finding the center  of 
each inte rfe rence fringe. 

The second t e r m  is e r r o r  f r o m  uncertainty in the wavelength. 

cases  i t  will be minimized by stabilizing X against an atomic clock 

standard, o r  by keeping N small. Small N implies that the detector 

i s  situated nea r  the q = 0 ( o r  N = 0)  position, fo r  which the cr i ter ion 

i s  given by Eq. (4). 

in a ; i. e . ,  how accurately must  the detector be situated a t  the 

position to maintain NAX l e s s  than some acceptable level G (< other 

e r r o r s ) ?  We find 

In various 

F o r  this case we need an  expression f o r  the tolerance 

q = 0 

x 

NAh = NX(Ah/X) = qAh/X < C h  . 

But since q is supposed to be zero, q = Aq = 2Aa: a lso hX/X = A f / f ,  
the frequency stability of the oscillator, and so 

However, the par t icular  case in which we use  the above expression will 
have i t s  pulse separation doubled since the two-aperture optical sys tem 

i s  used a s  t ransmit ter  as well as receiver.  Then 

Aa = Aq = cXX/4h = cXf/Af 4 6 )  

To complete a s e t  of equations especially fo r  the interferometers,  we 
substitute NX and i t s  increment  into Eqs. (2)  and (5)  which become 

and 

a o  cos 0A0 = (LAN t NAX t c ) / b  f g An 
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1. 3. 3 Interferometers  versus Differential Lidar 

The interferometers  have the disadvantage that the absolute value of N 
can never  be determined. 

give increments  in sin 0 , i. e. sin 8 - s i n  0 
systems is that there i s  no way to tag any inteference fringe including 

the N = 0 one. However, i t  i s  convenient to use equations with N 
instead of N2-N1 with the understanding that ultimately a subtraction 

i s  necessary to obtain the difference form. 

Only increments  N2- N1 can be counted to 

The trouble with these 2 '  1 

While the interferometers  have the disadvantage of measuring only incrc-  

ments, this i s  offset by the fact that the required technology i s  fully 

developed. 

measures  an absolute q by differential l idar  (optical radar :  - light - detection 

- -  and ranging). However, i t  involves very new components and techniques, 

and the problems of combining them into an  operational sys tem a r e  not 

entirely obvious a t  present,  but the prospects f o r  development seem 

excellent. The interferometer-type optics a r e  unaltered, and in  fact 

the l idar  system can be regarded a s  a special case  of an intensity 

interferometer in which the pulse modulation waveform i s  the special 

intensity signal to be correlated.  

By contrast  the sys tem described in the next section (Sec. 2.  1) 

26 



PART I1 

CANDIDATE TRACKING SYSTEMS 
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2 . 1  DIFFERENTIAL LIDAR SYSTEM WITH PICOSECOND PULSES 

A T  1.0611 

Including the moon, there a r e  now seven satell i tes in orbit which a re  

equipped with panels of quartz  re t roref lectors  f o r  l idar ranging. 

the quartz panels a r e  the only type of optical retroreflector that has  

been space qualified, i t  is important to consider any form of angular 

tracking that is compatible with them. The system described in this 

section was selected pr imari ly  f o r  i t s  compatibility with these re t ro-  

reflectors.  Unfortunately the quartz panels a r e  not usable with wave- 

lengths longer than about 3. 51-1, because the cube corners  reflect f r o m  

their  back surfaces,  and quartz  of this thickness is not transparent to 

longer wavelengths. 

Since 

A light beam reflected f rom any of the six panels currently i n  orbit is so  

narrow that the spot i t  illuminates on the ground is not large enough for  

a significant baseline to f i t  inside the spot. 

appear to preclude the use  of any of these orbiting panels in interferometry.  

However, i t  i s  relatively simple to circumvent this difficulty by using the 

two interferometr ic  telescopes a s  t ransmi t te rs  as well a s  receivers ,  each 

telescope receiving the return f rom its own transmission but not intercepting 

any of the return f rom the other  telescope. 

a r e  used in this manner  f o r  two-way propagation, the measured  difference 

in propagation paths is 2q instead of q in the notation of Sec. 1. 3. In 

the case of the ret roref lector  on the moon a separate t ransmit ter  m a y  be 

used, because the return will illuminate a spot on the ground approximately 

13  k m  in diameter,  which is certainly adequate f o r  any optical baseline 

considered in  this report. 

of receiving sufficient power. 

At f i r s t  thought, this m a y  

When the two-aperture optics 

Instead, the problem in the moon case  is that 

In Sec. 1. 3 the basic triangulation was discussed and Eq. ( 2 )  was derived 

to find the angle 0 (Fig. p. 21 ) f rom the measured  difference q i n  the 

(phase o r  group) path distance to the two stations. In principle, q can 
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be measured  by timing the difference in a r r iva l  time of 2 pulses, o r  by 

counting interference fringes, i. e . ,  q = NX. However, in practice i t  

does not appear  advisable to attempt to form optical interference fringes 

using wavelengths shor te r  that 3 .  5~ when the two light beams a r e  received 

in separate  telescopes. Such a sys tem would place requirements that a r e  

too stringent upon the dimensional stability of the telescopes and upon the 

equipment used to t rack out the atmospheric j i t ter  in the interference 

fringes. Therefore, fo r  use  with the quartz reflector panels, the appropriate 

system is a fo rm of intensity interferometry in which the light beam se rves  

only a s  a c a r r i e r  while measurements  a r e  made on the modulation envelope. 

The modulation wave fo rm must  have wavelengths much shor te r  than a centi- 

m e t e r  so  that the c a r r i e r  is tagged a t  short  intervals to attain the desired 

angular resolution. There is only one high-power short  -wavelength laser 

which has  a sufficiently wide bandwidth as well as  means for  modulating 

a t  the desired rate.  

emission a t  1 .  061~. . [Refs. 1 3 , 1 4 1  These lasers have a natural  tendency to 
emit pulses with widths cm the o rde r  of 1 picosecond, i. e .  1 0  sec  o r  

a length of 0. 3 mm in a vacuum. Thus the appropriate waveform is a 

single pulse, o r  perhaps pulse train, and the intensity interferometry 

degenerates to the simple concept of timing the interval between the 

a r r iva l  of 2 pulses. 

This is the neodymium-glass l a se r  (Nd:glass) with 

- 1 2  

The technology of controlling and measuring such extraordinarily short  

pulses is quite new. A t  the detector of Fig. p. 2 1  we have the problem 

of sensing the difference in a r r iva l  time of 2 pulses with picosecond 

accuracy. This is done by replacing the beam combining optics and 

detector with the sys tem in Fig. p. 30. 

with Rhodamine 6G dye in ethanol [Ref .  151, which exhibits a non-linear 

fluorescence that i s  strongest where the 2 pulses collide. 

delay between pulses is timed by photographing the exact point a t  which 

they collide. To observe non-linear fluorescence, the pulses must  be 

The fluorescent cell  is filled 

Hence the 
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preamplified a s  shown in the figure. 

ment before i t  is ready for  construction of the tracking system. 

This technology needs fur ther  develop- 

The fluorescence cell  must be situated at  the point along the baseline where 

q = 0; otherwise, the pulse collision would occur outside the smal l  cell .  

This is the point where the two propagation paths a r e  equal, and where white 

light interference could be observed if the system were operated as  a 

s te l la r  interferometer.  

once proposed by Miller [Ref. 1 6  ] to observe white light fringes. 

construction of Mil ler ' s  interferometer  would certainly be a formidable 

undertaking since white light fringes a r e  visible fo r  distances of only 

a few microns and therefore difficult to find. 

discussed here  will collide over  a range of about 1501~. . 
to maintain the dimensional stability of optical telescopes and their  a s s o -  

ciated apparatus within this limit. 

to find and follow the q = 0 point. 

ride on a track and the other a n  optical delay line in a fo rm resembling 

a trombone slide. 

continuous adjustment of the parameter  a (Fig. p. 21 ) to the value 

zb  sin 0 given by Eq. (4). 

Such an  interferometer  with a 1 km baseline was 

The 

However, the psec pulses 

It is quite practical  

Miller mentioned two kinds of apparatus 

One is a precision trolley that wolrld 

A detector (cel l )  on a trolley c a r  corresponds to a 

I 

The trolley system implies that the receiver sys tem would have to ride 

a precision railroad of some fo rm which must  have a length less than but 

comprable to b ,  i f  the overall  sys tem is to be usable for  a wide variety 

of angles 8 . There a r e  severa l  undesirable features  of this straight- 

forward technique. First, the receiver  sys tem is likely to be 

rather  large,  requiring that the precision t rack be the outdoor type, a 

quality that is hardly compatible with i t s  precision nature. 

system is likely to be situated on mountainous te r ra in  fo r  seeing conditions 

of astronomical quality. 

path with m i r r o r s  to turn the light beam. 

interfer with a trolley continuously tracking the q = 0 point a s  8 var ies .  

Finally, the optical path along the baseline must be ei ther  evacuated o r  

filled with helium (low refractive index) to reduce disturbances f r o m  

Second, the 

The te r ra in  m a y  require corners  in the baseline 

The corners  would obviously 



refraction in a i r .  

air-tight telescoping tubing. 

This means that any trolley would have to connect to 

2. 1. 1 Optical Delay Line 

A more  complicated but much preferable system f o r  finding the zero 

order  fringe o r  pulse collision point is shown in Fig. p. 3 3 .  Here the 

receiver  sys tem is stationary, but an  optical delay line is inser ted in 

the propagation path f r o m  ei ther  o r  both of the two telescopes s o  the 

shor te r  of the two paths is lengthened until both paths a r e  approximately 

equal. 

optical pulses to collide in the fixed fluorescent cel l  shown a t  the top 

of the figure. 

moving par t s ;  instead, the delays a r e  adjusted by movements of smal l  

par t s  which switch the beam in o r  out of the various delay lines and 

determine the number of passes  of the folded optical path within each 

The length adjustments in  the various delay lines cause the two 

This delay line sys tem does not require a long t rack fo r  

delay line. 

adjustment of the length of the optical delay. 

m i r r o r s  that determine which delay goes into which beam. 

The f igure shows schematically some of the par ts  fo r  g r o s s  

These a r e  cross-hatched 

A s  an example of distances that might be involved, the figure includes 

some plausible dimensions. 

distance in the longest cell  might be 800 m . 
about 40 t imes s o  that the cell  need be only 20 m long. The delay is 

adjustable in  discrete  s teps  of 40 m which correspond to two passes ,  

one down the cell  and one back. 

adjustment increments of 4 rn and 40 cm, respectively; in other words, 

each differs f rom the other by a factor of 10. 

a r e  movable so  that the beams f rom ei ther  telescope may be passed through 

one o r  more  of the delay lines o r  the beams f r o m  both telescopes may be 

passed through a s  shown in the figure. This allows a n  adjustment in 

e i ther  beam that var ies  in steps of 40 c m  anywhere f rom 0 to 888 m . 
Regarding 40 c m  as the unit of distance, the delay is  adjustable in  

The reasonable maximum fo r  the propagation 

This path can be folded 

Note that the shor te r  delay lines have 

Various m i r r o r s  and p r i sms  
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increments  of aneunit  f r o m  1 to 2220 units, o r  ra ther  -2220 to t 2 2 2 0  

considering a switch to the other beam a s  a sign change. 

any integer in this range of f 2 2 2 0  one could set  the shortest  delay line 

s o  that the number of passes  is twice the units digit of the integer, the 

middle-sized delay line fo r  twice the tens digit, and the longest line f o r  

twice the hundreds digit ( + l o  X thousands digit). 

exactly one~way,  we need a range of only 1 0  increments in each of the 2 

smal le r  l ines.  As shown in Fig.  p. 3 3  20 increments a r e  actually provided, 

o r  ra ther  40 considering the possibility of switching the line into either 

beam. 

of f ramtic switching. 

To achieve 

To achieve each integer 

This redundancy i s  desirable  f o r  tracking with the minimum amount 

F o r  tracking the lunar  re t roref lector  o r  a near  synchronous satell i te,  the 

20  c m  delay line could be replaced with a movable roof-top reflector 

(p r i sm)  on a 4 m e t e r  track. 

with a lead screw. However, for  tracking low-orbit satell i tes,  such 

a s  the six.that a r e  equipped with retroref lectors ,  the lead screw would 

have to t rack a t  ra tes  in excess  of a m e t e r / s e c  unless the satel l i te ' s  

t rack is near ly  perpendicular to the baseline. Only a few seconds of 

continuous track a r e  possible a t  this rate.  

advisable to abandon continuous tracking in favor of intermittant (digital)  

tracking. 

fluorescence cell,  then quickly readjust  the various m i r r o r s  and delay 

lines to catch the satell i te in a new position that i t  will occupy af ter  a 

brief pause. F o r  intermittant tracking, the fine adjustment of 40  c m  

in Fig. p. 3 3  clear ly  suffices. 

This permi ts  smooth continuous tracking 

In these cases  i t  s eems  

The operator  can photograph a single pulse collision in the 

The intermittant tracking mode r a i se s  a problem of satell i te acquisition, 

To catch the f i r s t  satell i te echo the fluorescence cell  length must  be 

L 2bA8, where A8 is the ephemeris  e r r o r .  Assuming b = 1 5 0 0  m 

and A8 = 1 / 2 m r a d  gives L = 1. 5 meter ,  which i s  excessively long. 

Several  solutions to this problem a r e  possible, such a s  multiple cells,  

o r  a multiple-pulse f i r s t  t ransmission with some tens of m sec  spacing. 

3 4  



However, the most  attractive solution is an  accurate  visual fix ear ly  

in the satell i te pass  over  the station so that its position is known to 
C 

same pass. 

rad ( 2 0  a r c  sec)  when the fluorescence cel l  is used l a t e r  in the 

As shown in Fig. p. 36 the optical delay line m a y  have the fo rm of the 

White absorption cell.  

lengthening the path of light in a gas in which the experimenter des i res  

to measu re  optical absorption. 

Two a r e  shown on the left and one on the right. 

confocal m i r r o r s  meaning that the focal planes of the three m i r r o r s  

coinside near  the center  of the delay line. 

White cel l  a r e  on the right end where the beam f o r  each pass  is focused 

This is a c lass ical  optical arrangement f o r  

Each delay line has three m i r r o r s .  

These a r e  curved 

The input and output of the 

down to a defraction-limited spot on the m i r r o r ' s  reflecting surface.  

On the left of the cell,  the beams a r e  defocused to f i l l  the a r e a s  of the 

m i r r o r s .  

the figure; however, 40 passes  i s  a number that is commonlyused to 

fi l l  the volume to good advantage. On the right m i r r o r ,  where the 

beams a r e  focused, the passes  terminate in  1 9  spots a r rayed  in  two 

rows, nine spots in  one and 1 0  in the other. Each spot represents  two 

passes ,  one where the beam approaches the spot, and one where i t  is 
heading back toward the left. This gives 38 passes ,  and the input and 

output passes  make the other two. 

m i r r o r s  a t  the left,  accompanied by small movements of the p r i sms  that 

produce and extract  the input and output beams, the operator can adjust 

the total number of passes  in the delay line and thereby perform the 

digital adjustment of the optical path length. 

Only eight passes  in the cel l  a r e  shown to avoid cluttering 

Making small tilt adjustments in the 

The White absoption cell is not the only configuration of m i r r o r s  that is 
suitable fo r  folding a very  long optical path into a relatively smal l  

volume. 

was invented by Herriott  [Ref. 17 1. 
Another f o r m  of 'optical delay line that has gained acceptance 

Like the White cell ,  Herr iot t ' s  
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delay line has focal spots, one fo r  each pa i r  of passes ,  on one of the end 

m i r r o r s .  

of two straight lines. 

optics, the focal spots line up in more  than one approximate circle,  

slightly displaced f r o m  one another ra ther  like a spring viewed f rom 

the side. 

However, in  his configuration the spots fo rm a c i rc le  instead 

If a slight asymrnetry is introduced to Herr iot t ' s  

To conclude this subsection, le t  us  point out cer ta in  components that were 

omitted f rom Fig. p. 3 3  to avoid clutter. 

lengths will require input and output beams having different diameters  and 

f numbers. 

The delay lines of different 

Various lenses will be required to make these adjustments. 

Finally the numerous reflections f rom the m i r r o r s  in the delay line will 

absorb most  of the power in the pulse, say 0. 1 db attenuation (2%) p e r  

reflection for  100  reflections gives 1 Odb total attenuation. A Nd:glass 

amplifier with about 20  c m  gain length (propagation distance in  the glass) 

will compensate this loss  if necessary,  since Nd:glass exhibits as much 

a s  60 db gain pe r  meter .  [Ref .  181 This amplifier is  in addition to a 

preamp situated a s  c lose a s  possible to the collecting optics. 

should be distributed s o  that the signal is always s t ronger  than the quantum 

limit, but never intense enough to damage a component. 

Amplifiers 

2 . 1 . 2  Picosecond Pulse  and Nd:glass Lase r  Technology 

2. i .  2.  1 Pulse Generator 

The Nd:glass l a s e r  consists of a glass rod, some c m  long and mm in 

diameter,  that is  doped with a neodymium compound to give Nd ions. 

A nearby flashlamp excites the Nd ions with incoherent light, and the 

rod exhibits gain a t  1. O6pfor the duration of the flash. M i r r o r s  nea r  

the ends of the rod provide the feedback to convert the amplifying medium 

into an  oscillator. 

path between the rod and the m i r r o r .  

that enhances the l a s e r ' s  tendency to oscillate in brief powerful bursts .  

34- :; 

Usual1y.a so-called Q-switch is situated in the light 

I t  is a device o r  non-linear mater ia l  

.L 1- 

Also a doped fibre microns in diameter is often clad with undoped glass 
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The table on p. .39 summarizes  recent advances in the generation of psec 

pulses. Note that the shortest  pulse is 0. 25 psec (< 1 0 0 ~  long! ), the greatest  

pulse energy 0. 3J, and the shortest  overall  emission was a single pulse 

that Kachen et  a1 [Ref. 19 ] extracted f r o m  a pulse train using a n  electro-  

optic switch. 

same apparatus, and there may be some practical  problem of incompati- 

bili ty. 

However, not a l l  these superlatives were achieved in  the 

A s  shown in the subsection 2. 1 .  3 the tracking accuracy of the differential 

l idar sys tem i s  proportionaL to the pulse duration under most  seeing 

conditions. 

is pertinent. 

This corresponds to 1 0  psec, a length which Kachen et  a1 [Ref. 19 ] have 

extracted as a single pulse and amplified to a s  much a s  300 millijoules 

(mJ), enough f o r  a l idar  echo f rom a retroref lector  in synchronous orbit 

a t  40 megameters  (Mm). 

f rom the Nd:glass laser  is about 0. 2 psec, a limit that is se t  by the gain 

bandwidth of the mater ia l ,  which is about 100  c m  . This pulse duration 

converts to 6 0 ~  of pulse length. 

l iberal  f igures l ies a figure which we can reasonably expect to attain 

af ter  the technology develops. The value $ psec i s  reasonable because 

pulses somewhat shor te r  than this have already been observed but have 

not yet been amplified to high energy levels. 

fundamental limit to amplification of pulses this short, we expect that, 

in  the n e a r  future, high energy pulses of $ psec duration will be available. 

This duration converts to 1501~. of pulse length. 

Therefore an  estimate of the shortest  practical  pulse length 

F o r  a most  conservative pulse length, let u s  consider 3 mm. 

The shortest  pulse that is theoretically possible 

- 1 :k 

Somewhere between the conservative and 

Since there is no apparent 

2 . 1 . 2 . 2  Preamplif ier  

A traveling wave (TW) l a s e r  amplifier should be situated a s  c lose a s  

possible to the light collecting system so  that the signal is amplified 

::: -1 
T = ( 2 B ) - l  = ( 2  100 cm X 3 X lo1' cm/sec) - '  = 1 / 6  psec . 
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.I, 

before losses  in  the optics reduce the signal to the photon"' limit; i. e. , 
there should be severa l  photons in each pulse a t  the point in  the sys tem 

where the signal is weakest. The amplifier should have enough gain to 

ra i se  a signal of 2 photons W 10-17J ( o r  -170 dbJ) to about 1 mJ ( o r  -30 dbJ), 

i. e . ,  a gain of 140 db. 

2 .4  me te r s  i n  Nd:glass. A likely configuration is  a glass  rod 30 c m  long 

inser ted in  a White cell  that provides 8 (o r  more )  passes  through the rod. 

Fig. p. 41 shows amplifying glass  rods at  the unfocused end of the White 

absorption cells.  

volume of the Nd:glass during i t s  passage and extract  power with maxi- 

mum efficiency. 

end of the cel l  and back, the rod has recovered some lost gain, and s o  

m o r e  energy is available during the pulse 's  next pass  through the rod. 

A t  60 db pe r  meter ,  this requires  a path length of 

This is  done s o  that the pulse will sweep out the whole 

During the time the pulse takes to  bounce to the focused 

A significant problem in using a White cell  o r  s imi la r  folded optical 

path f o r  high-gain traveling-wave amplification is the possibility of 

accidental positive feedback within the cell. Minute scratches o r  

flecks of dust tend to reflect some of the output back into the input, 

causing the amplifier to be noisy o r  to break into spurious oscillations, 

much l ike  the problems of the super-regenerative radio receiver.  

Fortunately Nd:glass has good optical quality. 

lessen the chance of this is a s e r i e s  of masks  that will absorb scat tered 

light on the focused end of the cell. 

preceed the multipass amplif ier  by a single-pass preamp i f  the input 

signal is close to the photon limit. 

One precaution to 

Also it is advisable to 

.lr 4- 

To our  knowledgemm the Nd:glass l a s e r  has never  been tested f o r  i ts  

noise properties a s  a smal l  signal preamplifier. In l a s e r  communications 

.L '1% 

Strictly speaking a l inear  amplifier does not exhibit the same statist ical  
behavior a s  a photon (energy) counter, but to the accuracy required of 
this report, the results a r e  the same. 

.!. .b .,. .L. 
Also to the knowledge of Dr. Heinz P. Weber of Bell Telephone Labs. 
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studies, one does not normally consider the use  of a l a s e r  preamplifier 

especially one with a bandwidth a s  wide as  the Nd:glass. 

the noise which l imits the performance of such an amplifier i s  the 

spontaneous emission f rom the Nd ions within the material .  This emission 

fills the whole bandwidth of 100 cm-’, which in frequency units is 3000 GHz 

( 3  THz), much broader  than the bandwidth of any known communications 

system. The trouble is that no known optical f i l t e r  has  a sufficiently narrow 

pass  band to remove the noise in this excess  bandwidth and limit the noise 

to the unavoidable par t  in the information bandwidth of the communications 

system. However, in  our  application a picosecond o r  sub-picosecond 

pulse will near ly  f i l l  the gain bandwidth of the crystal ,  and the discrimination 

against noise will take place in t ime instead of frequency. 

l idar  echoes a r e  s o  short  that their  peak power is exceedingly high, 

high enough to be discernable despite the noise level i f  there  a r e  a t  least  

severa l  photons in each pulse. In Sec. 2. 1 . 4  we discuss the r ada r  range 

of this sys tem a s  though the Nd:glass preamplifier has the noise properties 

of an ideal l a s e r  amplifier, i. e. , only a few photons/pulse a r e  required, 

This is because 

That is, the 

since to our  knowledge there  a r e  no theoretical reasons to suspect otherwise. 

2. 1. 2. 3 Duplex Operation 

A s  mentioned previously a special  problem a r i se s  when the 1. 06p 

differential l idar  system is used with retroref lectors  on art if icial  

satell i tes;  viz. , the echo f rom any one t ransmit ter  does not illuminate 

enough a r e a  on the ground to cover a reasonable baseline. The solution 

is  to t ransmit  through both aper tures  and le t  each receive i t s  own echo. 

This requires the duplex arrangement shown in Fig. p. 43, which is 

largely self explanatory. 

electro-optic switches [Refs. 20, 21 ,  221, which switch in 3 m s e c  o r  

less .  

the lowest satell i te o rbit s . 

The duplexer can be any one of a number of 

This interval is l e s s  than the round t r ip  propagation time to 
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One suitable duplexer would employ frustrated total internal reflection 

a t  a small-gap between two p r i s m  faces a s  shown in Fig. p. 45 . A very 

small  piezoelectric movement a t  the gap will open o r  close i t  enough to 

allow o r  f rus t ra te  the internal reflection. 

component notation, and Fig. p. 47 u s e s  this notation to i l lustrate par t  of 

the duplexing arrangement  in a less abstract  way than the block diagram 

of Fig. p. 43. 

F ig .  p. 46 defines some optical 

2. 1. 2. 4 Flu0 r e  s c enc e Cell De te c to r 

A s  a l ready noted the prefer red  detector f o r  timing picosecond pulses 

is the pulse collision technique in a fluorescence cell .  

[Ref. 23 ] f i r s t  described the method in a paper which caused quite a 

f lu r ry  of activity in this a r e a  recently. 

which fluorescence was observed in a dye excited by two photon 

absorption of the light f r o m  a Nd:glass laser .  The fluorescence was 

enhanced at  points where two pulses collided a s  a result  of the extra 

light intensity during the collision. 

the technique has been improved with the use  of Rhodamine 6G dye in 

ethanol [Ref. 151. 

show excellent photographs [Fig. 23 p. 171 of pulse collisions in cells a 

few cm long. 

tion in  that a relatively powerful laser  pulse is  required to observe two 

photon fluorescence. 

through the receiving telescope need > 100 db amplification a s  was 

discussed in Sec. 2. 1. 2. 2... 

Giordmaine e t  a1 

They reported experiments in 

Since this original demonstration, 

In their  review of this topic [Ref. 151 DeMaria et  a1 

The fluorescent technique has a drawback for  our applica- 

This means that the very weak signals coming 

To our  knowledge no one has  attempted a two-photon fluorescence 

cell  longer than a few cm, so  there m a y  be absorptipn difficulties 

in making a long enough cel l  to be certain the colltsion occurs inside 

it. A displacement of the collision by a distance x in  the cell  corresponds 

to a relative pulse delay of 2x / c where c is the group velocity of 

light in the cell.  A cel l  of length L in the duplex system will contain 
g ’ g 
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the collision if the pointing of the telescope i s  accurate  to an angle of 

A 0  = L/2b. If L = 10 c m ,  b = 1 k m ,  then A e  = . 5 X 10-4rad = 1 0  a r c  sec.  

2 . 1 .  3 Tracking E r r o r  

The tracking e r r o r  i s  determined by Eq. (5). 

since the refractive index of a i r  near  the ground can be monitored 

through i t s  known dependence on temperature  and pressure ,  

also take cos 0 @ 1 f o r  rough estimation, and Aa = Aq f o r  the duplex 

sys tem a s  in Eq. (6).  Then’ 

Let us neglect gAnao , 

Let us  

A 8  w (Aq t E:)/b . 

In Appendix B we show that E: i s  about 1 0 0 ~  f o r  the worst  case  of a i r  

temperature  differences during an experimental  p rogram on Mt. Palomar.  

The accuracy of finding the center  of a collision between pulses 1 5 0 ~  

long may be about 701.1. So a good conservative estimate f o r  A q  t 6 is 

about 1 5 0 ~ .  If we assume that b = 1 .  5 k m  , then 

-7 A 8  = 150p/1500m = 1 0  rad = 0. 02 a r c  sec  . 

This would not be an  impressive number f o r  an angular increment,  but 

i t  i s  very impressive f o r  absolute angle. 

f o r  retroreflecting satell i tes,  the l inear e r r o r  i s  

At a range of 2 Mm, typical 

RA0 = X 2  Mm = 20 c m  = 8 inches . 

2. 1 .4  Range Equation 

All range equations a r e  derived in Appendix D. 

the picosecond pulse sys tem i s  Eq. (D-9), where Q contains the 

range and reflecting propert ies  of the satellite and i s  defined in 

The pertinent one for 

sa t  
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0.01 

TRANSMITTER BEAM DIVERGENCE ,arc-sec 

Energy required per pulse in a Nd:glass Picosecond Laser system. 

Assumed: Seeing = 2 arc sec. Efficiency (tcleecopt and atmosphere 
transparency) = 50%.  
input. 

Ten photons received at amplifier 
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Eqs. !D-1) and (D-7). In Equation (D-9), q is  the efficiency o r t r a n s -  

parency of the telescopes and atmosphere,  

in two-way propagation, 8 
and Odn is  the seeing angle, i. e. , angular diameter of the blur circle.  

Let us  a s sume  

L is the energy loss  ER/ET 

is the beam angle illuminating the satell i te,  
UP 

q = 0. 5 (astronomical quality), 

€Idn = 2 a r c  sec,  ER = 10 photons, and 

= values for  various satell i tes in Appendix E. 
*sat 

This leaves two unspecified quantities , the required energy of t ransmission 

and the angle 8 which may  be greater  than 8 to be su re  of ET , UP dn 
illuminating the satell i te with imperfect ephemeris.  

F i g .  p. 49. 

These a r e  plotted in 

As expected the satell i tes withquartz re t roref lec tors  in low orbits require  

only moderate  pulse energy, even with a broadened beam. The moon and 

balloon satellites requi re  much m o r e  energy, near  100 3 p e r  pulse. 

However, the beam need not be broadened to intercept the target  on the 

Moon. 

2. 1. 5 Doppler, Velocity Aberration, and Conclusions 

Two very simple est imates  will complete the discussion of the differential 

l idar system and its feasibility. 

doppler shift. 

The f i rs t  of these concerns the effect of 

Two-way doppler shift is the frequency 

f = 2 R / X  , 
d 

where R is the range rate .  Using X = 1. 0 6 ~  and a large satell i te R 
of 6 km/sec  gives f = 11 GHz,  which is small  compared to the gain 

bandwidth of the Nd:glass, 100 c m - l  o r  3,  000 GHz. 

the doppler will not interfere  with reception and amplification of the 

signal; although, i t  m a y  cause a small shift in the effective optical path, 

d 
This means that 
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i. e. , a small  change in refractive indcx of the Nd:glass that resul ts  

from anamolous dispersion. 

Velocity aberrat ion occurs when a re t roref lector  has a significant compo- 

nent of tangential (i. e. not radial)  velocity - v 

coordinates the re turn  i s  not exactly retro-directed*', but displaced by an  

angle 2v / c  in the direction of satellite movement. This means that the 

cone angle cp 
if the receiver  i s  in the same telescope a s  the t ransmi t te r ,  i. e. 

In ear th  fixed iner t ia l  t '  

t 
of the re turn  mus t  be a t  l eas t  twice the angular displacement r 

This can be expressed a s  a constraint on the coherent diameter  of the 

ret roref lector ,  i. e.  , the diameter  d over which the cube corner  surfaces  

a r e  cubic to  an  accuracy of about X/2T. Taking cp = X/d gives 
C 

r C 

d C Xc/4vt . (9) 

This res t r ic t ion implies a l imit  on the radar  cross-sect ion of a ref lector ,  
2 

see Appendix D, Eqs. ( D - l a )  and (D-2c), where A = Td /4 . The per+ 

missible  coherent diameter  i s  indeed small  f o r  low orbit satell i tes;  

f o r  example X = 1. 06p ,  v = 7.5 k m / s e c  gives d = 1 . 1  cm. However, 

note that any satellite that gives strong returns  with a ruby l a s e r  (0. 69p) 

will a lso do so with a Nd:glass laser  (1. 06p), since the wavelength 

change i s  in the favorable direction. 

e C 

t C 

Even a geostationary satellite exhibits velocity aberration, since the 

coordinate system in which it i s  stationary i s  not an  inertial  one. In 

this case v = 3. 073 k m / s e c  and Eq. ( 9  ) gives dc I; 2.59 cm. t 
gives v f o r  c i rcular  orbits a s  a function of orbit  radius and of orbit  

height above the earth.  

Fig.p.  52 - 

t 

.II .,. 
It i s  exactly re t ro-directed in an inertial  f r ame  that i s  instantaneously 
a t  r e s t  with respect  to the satellite. 
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In conclusion we find that the Nd:glass differential-lidar system is in 

principle capable of remarkable satellite tracking to a precision of 

0. 02  a r c  sec in absolute angle relative to a baseline fixed in the ear th ' s  

crust. 

for development of big systems. The system is not simple, since i t  

requires a long baseliqe for  full  accuracy, about 1. 5 km, and ratber  

elaborate optical delay lines and traveling wave amplifiers. 

However, the technology of picosecond pulses is not yet ready 

Some basic laboratory experiments to demonstrate feasibility of differential 

l idar should be performed mere ly  because they a r e  straightforward qnd 

inexpensive, and because the potential applications of differential lidar 

extend beyond the very specialized application that inspired the concept. 

In particular,  the small signal behavior of the Nd:glass amplifier and the 

2 -photon fluorescence cell  need investigation. 
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2 . 2  TEN MICRON GEC-RATE SYSTEM 

As already noted in Sec. 1. 1 the original motivation 

dec -rate system was the observation that Michelson 
" 

f o r  studying the 

[Ref. 41 succeeded 

in measuring s tar  diameters a s  small as  lo--' radian with his celebrated 

stellar interferometer, despite the difficulties of working with white 

light interference. By using modern techniques and the strong intensity 

and coherence of l aser  light, it i s  only reasonable to expect a significant 

improvement over his precision, perhaps even an order of magnitude to 

measure angles a s  accurately a s  10  

the prospect of using the carbon dioxide laser  at 10 .  6p ,  a wavelength 

twenty times longer than the average wavelength of white light. 

greater wavelength means that the phase of the light beam wil l  be much 

less  susceptible to scrambling by disturbances in the atmosphere. 

-8  radian. Even more attractive is 

The 

In this report we discuss interferometric baselines on the order of hundreds 

of meters.  

1011. a wavefront cannot be expected to be coherent over so  great a distance 

after passage through the atmosphere. However, full coherence i s  required 

only over the a rea  of each of the small  apertures a t  the ends of the baseline, 

not over full separation distance between them. 

and Pease [Ref. 241 f o r  experimental precedent. 

a s  summarized by Born and Wolf: [Ref. 251 

Such a great length may seem unduly daring, because even at  

We can turn to Michelson 

We quote their results 

"Variations of refractive index above the small apertures 
of the interferometer cause the interference pattern to 
move a s  a whole, and providing this motion i s  slow the 
fringes remain observable, whereas under the same 
conditions the s ta r  image formed by the full aperture 
telescope would be much impaired. " (emphasis ours) 

The observation of interference fringes in coherent light is very different 

from that in white light. With white light one observes interference only 

when the phase path lengths of the two interfering rays a r e  exactly equal, 

i. e . ,  q = 0 or  N = 0 in the notation of Sec. 1. 3 .  By contrast the 

interference fringes in the ligkit f r o m  a CO laser  may be observed 2 
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when the path differences a re  many kilometers. 

eliminates the difficult task of finding the interference pattern, but it 

also eliminates any chance of observing absolute angles, and limits 

the system to an angular rate measurement. 

no way to identify the zero order interference fringe where the two 

phase paths a re  equal; this fringe looks exactly the same as  the others. 

This is  one factor that contributes to a decision to limit the CO 

interferometer to the measurement of the rate of change of the satellite's 

declination angle (dec-rate). 

This completely 

This is because there is  

laser  2 

2. 2. 1 Restricted Applications 

We have decided to limit our description and recommendations c0ncernin.g 

the CO laser  interferometer to a special class of applications, namely 

the measurement of declination rate or  integrated declination increments 

f o r  satellites in geostationary orbit. This class may be extended somewhat 
to include objects in low inclination orbits which a r e  not moving too rapidly 

in hour angle. In the case of synchronous satellites there i s  little o r  no 

loss f r o m  the fact that the system measures declination rate a s  opposed 

to absolute declination. This is because the rate may be integrated to 

give declination increments, which cor respond to abs olu te dee lina tion 

except that the constant of that integration is  not known. However, the 

constant of integration corresponds to knowing the average declination, 

which for a satellite is zero o r  near zero depending on the small  perturbing 

forces acting on the satellite. 

time is long enough to observe the full north-south excursion of the 

satellite and thereby relate the variation in the fringe count to the knOwn 

average declination. In Appendix A ,  which i s  summarized in Sec. 1. 1. 2, 
we describe certain aspects of the kinematics and orbit determination 

problems f o r  geosynchronous and related orbits and showed that the 

measurement of declination o r  declination -rate has particular importance 

in these cases. 

2 

With a geosynchronous orbit the tracking 
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F o r  general  applications the differential l idar  sys t em discussed in the 

l a s t  section is  recommended instead of the l o p  system. 

for  the special  ca se  of geostationary orbi ts  important equipment s impli-  

fications make the lop dec- ra te  sys t em ve ry  inexpensive and attractive.  

The simplifications resu l t  f r o m  the following propert ies :  

However, 

a. 

b. 

C. 

Small  doppler shifts  simplify the laser receiver  system. 

A fixed line-of-sight pe rmi t s  air temperature  correct ions.  

A fixed l ine -of -sight eliminates need fo r  wavelength p r e  - 
cision, i. e . ,  long- te rm stability of the l a s e r s  is unnecessary,  

A simplified acquisition and tracking sys tem will suffice, 

s ince the satell i te can always be located by photography. 

Low angular r a t e s  minimize the mechanical requirements  

of the telescope. 

d. 

e. 

Some of the above advantages a r e  self-explanatory; others  wiil be explained 

in the description to follow. 

F r o m  the l i s t  above, first consider ( a )  the advantage of smal l  doppler 

shift. This shift is given by the formula 

fd  = R / h  

where f is the doppler shift, R the satell i te range rate ,  and X the 

wavelength. 

shifts  which range f r o m  about 300 MHz to 0 and back to 300 MHz a s  the 

satell i te pas ses  overhead. 

geostationary satell i te give doppler shifts that do not exceed 1 MHz at 

the most .  Now a sensit ive l a s e r  rece iver  sys tem will u s e  the optical 

heterodyne principle to give a beat frequency or  IF (intermediate frequency) 

in the radio band. 

follow the doppler shifts and maintain a constant IF. 

dioxide l a s e r  is  only tunable over  a range of 30 MHz a t  the most ,  which 

means that a rece iver  sys t em f o r  a low orbit  satell i te would requi re  a 

variable IF. 

d 
Using this  formula we find that low orbit  satel l i tes  give 

By contrast  the residual  movements of a 

Normally one would tune the local osci l la tor  l a s e r  to 

However, the carbon 

In fact ,  i t  would have to be variable over a la rge  dynamic 
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range which severely complicates the receiver.  Moreover, large doppler 

would cause acquisition problems, since a s ea rch  for  the signal i s  required 

in  frequency a s  well a s  in angular position of the satell i te.  

Next consider i t em (b) ,  the advantage of a i r  temperature  correct ions 

along a fixed line-of-sight. 

may be achieved by e i ther  reducing e r r o r s  f r o m  air temperature  changes, 

o r  by using a long baseline ( e / b  in Eq. (5 ) ) .  The la t ter  would be very 

expensive. However, when the satell i te is geostationary, the line -of -sight 

i s  in a fixed direction, which allows a shor te r  baseline, the required 

accuracy being achieved with air temperature  corrections.  

by employing towers and a long temperature  sensor  a s  shown in Fig. p. 58, 
which averages the a i r  temperature  along the bottom 200-300 feet  of the 

line-of-sight. 

effect on the interferometer  because the a i r  temperatures  a r e  about the 

same a t  the two ends of the baseline. 

In See. 1. 3.  2 we showed that a given accuracy 

This is done 

Above that height the a i r  is  bet ter  mixed and will have little 

I tem (c ) ,  the advantage of relaxed requirements  fo r  wavelength stability, 

will be explained in m o r e  detail  in Sec. 2. 2. 2. 

sight to the satell i te permi ts  a rece iver  location a t  a point along the 

baseline where the two interfering r ays  have equal length. 

in the Fig. p. 5 9 ,  where the receiver  building is somewhat c loser  to the 

north end of the interferometer .  

interference fr inges could be observed, i. e . ,  the zero o rde r  fringe.  By 

counting relatively few fringes away f r o m  the ze ro  order ,  ve ry  l i t t le 

e r r o r  accumulates a s  a resul t  of uncertainty in the wavelength, a s  was 

discussed in Sec. 1. 3. 2 in connection with Eq. (6). 

In brief, the fixed line-of- 

This is shown 

This is the point where white light 

Finally, i tem (d)  above r e fe r s  to the ease  of photographing a geostationary 

satellite. Even with a smal l  telescope aperture ,  this can be accomplished 

by taking a long exposure in the approximate direction of the fixed line-of- 

sight. 

synchronous satell i te with the Baker -Nunn camera ,  since the la t te r  t racks  

at  the s iderea l  ra te  s o  that s t a r s  will appear  a s  point images on the film. 

This i s  not to be confused with the problem of photographing a 
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The Baker-Nunn would s2e a synchronous satell i te a s  a s t r eak  r a the r  

than a point image. By contrast  we a re  re fer r ing  he re  to the e a s e  of 

finding the satell i te in  t e r m s  of the shaft  angles of the mechanical mount 

ra ther  than the s t a r  field, and a geostationary satel l i te  will make a point 

image when the pointing optics is  stationary. 

Many of the advantages descr ibed above will be explained in m o r e  detail 

in l a t e r  sections,  but fo r  now we note that they make a formidable c a s e  

for  testing optical in te r fe rometry  on a geostationary ra ther  than a low 

orbit  satell i te.  

c a r r y  an active l a s e r  beacon, and s ince i t  will be l a rge  and e a s y  to photo- 

graph. 

The ATS-F.,is the ideal  opportunity since i t  will  probably 

2 .  2. 2 E r r o r  Analysis 

The basic  equation f o r  tracking e r r o r  A 8  is Eq. (8) f r o m  Sec. 1. 3. 2, 

namely .. 

(8) ao  cos  8A8= (AAN t NAh t c ) / b  t g(8)An 

Let us review the meaning of these t e r m s  and determine the principal 

sources  of e r r o r  by estimating each of the four  t e r m s  that a r e  proportional 

to AN, A X ,  c and An respectively. F i r s t  consider  AN, th;e e r r o r  ao ' 
that resu l t s  f r o m  estimating fractional fringes.  

a s  one fringe a s  a resul t  of a tmospheric  turbulence. 

to-noise ra t io  will be high ( s e e  Sec. 2. 2. 3 )  s o  i t  should be possible to u s e  

data smoothing and find a good average value of N down to an accuracy  

of about 1 / 5  o r  1 / 6  of a fringe fo r  AN, s o  

N may  jitter: by as much 

However, the signal-  

where we used b = 300 m 1 O O i l  f t . ,  a s  will be discussed in Sec, 2 . 2 . 4  and 

we took cos 8 fi: 1 fo r  a rough e9timate. 

source of e r r o r .  

Clear ly  ( A e ) ,  is not a m a j o r  
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Next consider the 

two ends of the baseline 

differences between simulated lines -of -sight atop Mt. Palorriar. 

use these numbers on the assumption that they a r e  typical. The Palomar 

data a r e  discussed in Appendix B where we show that a very conservative 

e r r o r  estimate i s  

E: t e rm f o r  air temperature difference between the 

We have experimentally measured temperature 

We shall 

E: w 1 0 0 ~ .  

However, f o r  the system discussed here we intend to monitor temperature 

fluctuations with a i r  thermometer tapes strung along the lines -of -sight, 

to a height of 200 f t . ,  o r  3 .  3 times the scale height, as shown in Fig. p. 58. 

This procedure should reduce this e r r o r  by a factor of 28, but we assume 

only 1 0  to be conservative. 

available, probably from radiosonde equipment, we assume 

Therefore, until further microthermal data i s  

w c/b ~ 1 0 p / 3 0 0  m = 3 X 10-8rad.  ( A  ) temp 

Next consider the te rm in An in the e r r o r  Eq. ( 8 ) ,  which i s  e r r o r  for  

the extra a i r  path above the station at  lower elevation. 

latitude, say 31 to 35 degrees, the trigonometric factor g( 8) will be 

about 0. 5. 

of 0. 02OC then this t e rm is 

ao 
At a reasonable 

If the temperature near the ground is measured with an accuracy 

w g(8)Anao W 0. 5 X 0. 0Zo X lO-'deg-l = 10 -8 r ad ,  

which indicates that this i s  not a principal source of error .  

Finally we consider the last  of the e r r o r  terms,  

uncertainty. If N were large and if X were uncertain a s  a result of an 

NAh/b f o r  wavelength 

unstabilized laser, then this te rm could 'be the major source of e r ror .  

S o  the strategy i s  to make N small enough s o  that the e r r o r  is insignificant 

f o r  any reasonable value of Ah as  was discussed in Sec. 1. 3 .  2. To review 

briefly, an adjustable parameter is available, namely the distance a shown 
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in Fig. p. 21, which wil l  be determined to give the smallest possible 

values of N. In other words, the main interferometer station will be 

situated at  a point along the baseline that i s  close to the point a t  which 

white light interference fringes could be observed. 

discussion it suffices to estimate Aa, 

this point, which i s  given by Eq. (6) :  

For the present 

the permissible e r r o r  in locating 

where % is the largest  permissible value of NAh, and A k / x  i s  the 

wavelength stability of the laser  that can be obtained with a moderate 

but not excessive amount of effort to stabilize the laser.  

We can readily estimate an upper limit f o r  Ak by using the known tuning 

range of the CO laser ,  about 50 MHz. With rudimentary stabilization 

the transmitter will operate within 5 o r  6 percent of the center of this 

band which gives Af  = 3 MHz, and 

2 

- =  Ah - # - -  Af 3 MHz = 10-7 . 
h f 30 THz 

F o r  cx let  us take a 

path e r r o r  c l o p .  

7 La w 2p X 10 

value of 2y so  that i t  i s  small compared to the thermal 

Now Eq. ( 6 )  g '  ive s 

= 2 0 m .  

This distance, 2 0 m  66 ft. , i s  the accuracy to which the distance a in 

Fig.  p. 2 1  must be adjusted to insure that laser  stability will not be a 

significant source of e r ror .  

8 is  constant. The Aa tolerance wil l  be maintained while the angular 

position of the satellite changes somewhat, namely A 0  given by 

This i s  not a difficult constraint s o  long a s  

A 0  w La/b @ 2 0 m / 3 0 0 m  = e 07 rad = 4 O  , (11) 
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which is  not a difficult constraint  if the orbit  is geostationary, but will 

require  some cor rec t ive  m e a s u r e s  if the spacecraf t  var ies  in declination 

a s  much a s  the ecliptic plane does. 

In summary,  the uncertainty in the difference between the a i r  temperature  

a t  the two lines-of-sight is the principal source of e r r o r .  

estimate fo r  i t  is 

A conservative 

A 0  cos O ( A O ) t e m p  c / b  W 3 X 10-8rad. 

We have experimentally found that E: is independent of  the baseline b 

whenever b 2~ 100 me te r s .  

to the baseline, and fo r  this reason i t  is advantageous to increase  the base-  

line up to a distance of about 1 km, where other e r r o r s  become appreciable. 

However, a baseline this long proves to be costly. 

Hence the lim-iting e r r o r  is inversely proportional 

2 .2 .  3 Range Equation 

This subsection t r ea t s  only the case  of a ground t ransmit ter  and satell i te 

re t roref lector .  In the ATS-F case  (satel l i te  t ransmi t te r )  the sigval is s o  

strong that details a r e  superfluous. 

The appropriate  range equation is der ived in Appendix D, s e e  Eqs. (D-11) 

and ( 0 - 7 ) .  It may be expressed in  the 

L -31 m -watt 
HZ -IJ. VP,Q = 3.21 X 1 0  

Here PT 

R 
d 

rl 

Q 

f o r m  

A r c ' )  . 
4 

is the power transmitted,  

is  range to the satell i te,  

is the aper ture  diameter  of the ground telescopes 

is the product of all efficiency fac tors  that per ta in  to the 

ground station ( 'aperture efficiency of the two telescopes, 

t ransparency of the a i r  squared fo r  two way propagation, etc.), 

i s  the figure-of -mer i t  of the ret roref lector  

,A \ '  

(14) ow e r r e  turn/ s te radian 
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r is related to the information content in  the re turn  signal, 

i. e. , r 3 bandwidth X power signal-to-noise ratio, 

i s  the r ada r  c ross -sec t ion  of the re t roref lec tor ,  CT 

A is i t s  a r e a ,  and 

T& is  i t s  efficiency. 

In deriving Eq. (1  3) f r o m  the m o r e  basic r ada r  range equation, we have 

assumed that the rece iver  is the optical heterodyne var ie ty  originally 

descr ibed by Oliver [Ref .  261. 
to 

It has  a spec t ra l  density of noise equivalent 

a t  the rece iver  input. Here  h is Planck 's  constant, c the velocity of 

light, and T) the detector quantum efficiency, included in  Eq. (13) as 
q 

a factor  in  V. 

Let us a s sume  the.following values 

r = 2kHz 

X = 10. 61~. 
rl = 0.05 

d = 25 c m  10 in. 

q r  = 0 . 6  

A = 1 0 0  c m  2 
e 

Some of these assumptions requi re  explanation. 

a tmosphere m a y  cause the bandwidth of the incoming signal to be a s  grea t  

a s  100  Hz. 

some effort is  required to achieve a local osci l la tor  bandwidth a s  narrow 

as  100 Hz [Ref .  271. 

r = 2kHz. 

both the t r ansmi t t e r  and each of the two in te r fe rometer  ape r tu re s  because 

this is an approximate break-point in cost ,  a diameter  above which the 

cost  of optical components i s  significant. 

reflector,  

F i r s t  turbulence in the 

We have increased  this to 200 Hz ( to  be conservative) since 

So assuming a signal-to-noise ra t io  of 10  gives 

The ground telescope ape r tu re s  of 10 inches were  chosen fo r  

The pa rame te r s  fo r  the r e t r o -  

rlr and A ,  a r e  reasonable for  a small spaceborne cube-corner ,  
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meta l  plated on the cube faces,  and t r immed to the usual hexagonal shape 

with the hexagon about five o r  six inches across .  The other assumptions 

require  no special  comment. Substituting the assumed values in Eq, (13) 
gives 

4 4  PT = 0 .65  X l o w 4  wat t s /Mm X R  . 

A t  the geostationary orbit  range of 40 Mm, this gives 

which is  readily attainable with a C 0 2  power l a s e r  on the ground, 

PT = 170 watts, 

2 . 2 . 4  Interferometer  Design 

The g ross  s t ruc ture  of the proposed interferometer  i s  shown in the 

Figs .pp.  58 and 59. 
It shows s t ruc tures  only a t  the two ends of the baseline, since the lab- 

oratory building and cent ra l  pa r t  of the base l i se  were  cut out of the f igure 

to fit i t  on the page. 

near each of the two interferometr ic  stations. 

satell i te (which is fixed in direction) runs quite c lose to one of the guy 

wires  to the top of each tower. A loop of wi re  that s e rves  a s  a r e s i s -  

tance thermometer  for  a i r  temperature  runs up and back down each of 

these two guy wires .  

high res i s tance  and a high temperature  coefficient of res is tance,  for  

example tungsten, which we used i n  the experimental  task of our study 

program. 

covered with aluminum foil s o  that i t  ref lects  sunlight and gives a r e a -  

sonably t rue m e a s u r e  of a i r  temperature .  During our study program we 

observed the effects of sunlight on a res i s tance  thermometer  of this 

type, since we w e r e  fortunate enought to have intermittant clouds on one 
of the days ,  which intermittantly shaded the thermometer .  The effect 

of sunlight was smal l  but discernible and correctable .  The effect of a 

long wire  is to average  the temperature  fluctuations over its length, 

The f i r s t  of these two figures is drawn to scale.  

A tower approximately 200 feet in height is located 

The line-of-sight to the 

These loops wi l l  be made of any wi re  having fa i r ly  

The res i s tance  thermometer  loop will be insulated and 
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and fortunately this type of average gives the same resul ts  a s  the average 

that we need to co r rec t  the phase path, a s  noted by Hall [Ref. 281, a l so  

r e fe r r ed  to in  Appendix B. In practice we will probably use  m o r e  than 

one temperature  sensor  for  each tower, since breaking the temperature  

average into increments  will be an  aid in extrapolating to g rea t e r  height. 

Moreover, we par t icular ly  need temperature  near  the ground fo r  the southern 

tower (which is a t  a lower elevation) in  o rde r  to apply the tempera ture  

correct ion f o r  the elevation difference An in Eq. (8), Sec. 1. 3 .  2. a0  

The Fig. p. 59 is a schematic diagram which is not to scale.  

is  shortened and the collect-ing optics are enlarged to show their  layout. 

Pointing a t  a near ly  geostationary satell i te that moves only a fraction of 

a degree could obviously be accomplished with fewer light reflections than 

those indicated in the figure. 

declination movement a s  shown to be advantageous because i t  allows the 

mechanical movement to be calibrated by tracking s t a r s  a t  the s iderea l  

rate,  and because i t  constitutes a s iderostat  which m a y  be useful in other 

applications. 

and in light absorption. 

good metal l ic  surface is in the high nineties. 

of course be enclosed in the sma l l  building with an  open viewing port. 

the a i r  is f r e e  f r o m  the turbulent heat waves of sunlit ground. 

that there  is some advantage to the multiple s iderostat  reflections, since 

they lift the pivot point of the beam off the ground somewhat and help 

protect the beam f r o m  thermal  disturbances.  Alternatively, the s iderostats  

can be elevated on a heavy pedestal. 

The baseline 

However, we consider the hour angle- 

The cost  of the multiple reflections is small ,  both in dol lars  

In the lowband the percent reflectivity of a 

The reflecting optics will 

Inside 

This means  

We recommend a beam aper ture  ten inches in  diameter ,  which means  that 

m i r r o r s  f o r  slant reflection m a y  have to be elongated up to 13 o r  14 inches. 

Any ape r tu re  l a rge r  than about 6 inches suffices to eliminate spreading 

of the beam by diffraction during passage along the baseline, i. e . ,  the 

distance between stations is well within the near  field. A 1 0  inch aper ture  

is l a rge r  than needed to collect enough power to satisfy the range equation 

(Sec. 2. 2. 3 ) ;  however, the increased collecting a r e a  is s o  inexpensive 

that i t  s eems  unwise to refuse it. The cost  of the six f la ts  and their  
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mount ings  is only about  $1800. 
suff ic ient  to  o p e r a t e  wi th  a p a s s i v e  g e o s t a t i o n a r y  sa t e l l i t e  that  carries a 

5 o r  6 inch  r e t r o r e f l e c t o r  that  is su i tab le  f o r  the l o p  band.  

f r a c t i o n  l imi t ed  b e a m  width f r o m  a 10 inch  a p e r t u r e  wi l l  b e  about  1. 22h/d= 

1 . 2 2  x l O . 6 p / 2 5 . 4  cm = 5 1 b r a d  = 1 0 . 5  a r c  sec. 

s ign i f icant  acqu i s i t i on  p r o b l e m  wi th  this m u c h  pointing to l e rance .  

A s  shown in Sec .  2 . 2 . 3 ,  th i s  a p e r t u r e  is 

T h e  dif- 

T h e r e  should be no 
:$ 

T h e  l ight  propagat ion  pa ths  f r o m  the  two s i d e r o s t a t s  to  the r e c e i v e r  s t a t i o n  

m u s t  b e  enc losed  i n  a pipe that  is e i t h e r  i s o t h e r m a l  and  f i l led wi th  h e l i u m ,  

o r  e l s e  evacuated  to  about  0 .5  t o r r .  

f r a c t iv e i nd ex f luc tua t i o  ns  . W e r e c ommend  eva cua t i on mer e l  y b e c a u  s e 

i t  is the s u r e  b r u t e - f o r c e  solut ion that has b e e n  p roven  f e a s i b l e  and  in -  

expens ive  i n  o ther  app l i ca t ions .  

p u r p o s e  s o  that  t h e r e  wi l l  be abou t  4 i nches  of c l e a r a n c e  a round  the  l igh t  

b e a m .  

E i t h e r  p recau t ion  e l i m i n a t e s  r e -  

We s u g g e s t  18 i n c h  a l u m i n u m  pipe  f o r  th i s  

T h i s  m i t i g a t e s  the  p r o b l e m  of suppor t i eg  the  pipe r ig id ly  enough 

to  r e m a i n  c l e a r  of the  b e a m  u n d e r  va ry ing  wind loads .  

of low c o s t  pipe is 18 inch  a l u m i n u m  i r r i g a t i o n  tubing. 

tubing c a n  b e  joined i n  the  n o r m a l  m a n n e r  with occas iona l  t h e r m a l  ex -  

pansion jo in t s ,  and  then  a l l  jo in ts  m a y  be c o v e r e d  wi th  R T V  r u b b e r  

c e m e n t ,  which f o r m s  a seal that  is m o r e  than  adequa te  f o r  about  0 . 5  t o r r .  

One  su i t ab le  type 

The  s e c t i o n s  of 

If the  b a s e l i n e  w e r e  m u c h  l a r g e r ,  s a y  3 km o r  m o r e ,  and if  the  b a s e l i n e  

turned  a number  of c o r n e r s  to  follow the t e r r a i n ,  then  i t  would b e  a d v i s a b l e  

to employ  two r e c e i v e r s ,  one i n  e a c h  s i d e r o s t a t  s ta t ion .  In s u c h  a s y s t e q  

the beam pass ing  th rough  the  b a s e l i n e  p ipe  would be the  b e a m  f r o m  a l o c a l  

o sc i l l a to r  l a s e r .  The  c o m m o n  l o c a l  o s c i l l a t o r  would provide  the  s a m e  

opt ical  p h a s e  r e f e r e n c e  to each of the opt ica l  receivers, and  the  a c t u a l  

i n t e r f e r e n c e  be tween two s i g n a l s  would be p e r f o r m e d  a t  r a d i o  f r equency  

(IF). 
mul t ip le  r e f l e c t i o n s  i n  p a s s a g e  f r o m  one  s t a t ion  to a n o t h e r  is the  s t r o n g  

l o c a l  s igna l  r a t h e r  than  the  weak s i g n a l  f r o m  deep  s p a c e .  

T h i s  s y s t e m  would h a v e  the  advantage  that  the  s igna l  which s u f f e r s  

However ,  for the 

::: 
If de focuss ing  to a b e a m  a n g l e  
Eq. (D-10) is the a p p r o p r i a t e  r a 8 g e  equat ion.  

is needed  to a c q u i r e  the  sa t e l l i t e ,  then 
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relatively short  baseline of a first experiment,  s ay  1000 feet a s  we 

recommend he re ,  i t  is possible to find t e r r a in  that permits  the baseline 

to be quite s t ra ight ,  and s o  the few reflections required cause a negligible 

absorption of the signal f r o m  deep space.  

of-the-art  a suitable optical heterodyne rece iver  cannot be purchased 

"off the shelf". 

optical rece iver  in the cent ra l  building instead of two optical r ece ive r s ,  

one a t  each end. 

Moreover ,  a t  the cu r ren t  s ta te-  

Thus a significant cost  saving r e su l t s  f r o m  using a single 

When a CO 

question a r i s e s  whether the t ransmi t te r  can employ one (or  both) of the 

s a m e  telescopes used for  reception. 

is  necessary  because,  unlike the shor t  wavelength l a s e r  sys tems,  the 

CO 

contain any reasonable s i ze  of baseline i n  a l l  ca ses  considered. 

unfortunately we have been unable to devise  a suitable technique for  an 

optical duplexer or  isolator that would allow the rece iver  and t ransmi t te r  

to sha re  a telescope. 

a CW instead of pulse sys t em and m o r e  than a hundred db of isolation of the 

rece iver  f r o m  the t ransmi t te r  would be required.  

requi res  three te lescopes,  one t ranemit ter  and two in te r fe rometr ic  

r ece ive r s  fo r  u s e  with passive satel l i tes .  

such a s  the ATS-F will of course  requi re  only two telescopes.  

l a s e r  dec - ra t e  sys t em operates  with a passive satel l i te ,  the 2 

Fortunately only one t ransmi t te r  

l a s e r  will illuminate a spot on the ground that is l a rge  enough to 2 
However, 

The trouble is that the dec - ra t e  sys t em is basically 

The basic  scheme then 

An active satel l i te  experiment  

2 .2 .4 .  1 Carbon Dioxide L a s e r  Technology 

The basic  techniques for  employing C 0 2  l a s e r s  in communications and 

tracking applications a r e  descr ibedin  a ve ry  wide var ie ty  of l i t e ra ture .  

The ones most  pertinent he re  a r e  those employed i n  optical heterodyne 

communication sys t ems  with the C02 laser 

dioxide l a s e r  will oscil late i n  either of two bands centered a t  1 0 . 4 ~  and 

9 . 4  p .  

[Refs. 29, 301. The carbon 

The usual frequency is the 10.6 M l ine i n  the P branch of the 1 0 . 4 ~  

band. 

descriptions of the sys t em in a c lass ic  paper by Pate1 [Ref. 311. 

The s t rongest  oscillations i n  the l a s e r  a r e  given along with the other 
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A n  i m p o r t a n t  cons ide ra t ion  i n  employing  the  CO 

is that  the  c a r b o n  d ioxide  of the  a t m o s p h e r e  wi l l  a b s o r b  the s i g n a l  on 

p r e c i s e l y  the s a m e  m o l e c u l a r  t r a n s i t i o n s  tha t  the  laser u s e s  i n  e m i s s i o n .  

Th i s  a b s o r p t i o n  m a y  a m o u n t  to  3db each way [Ref.  321. 

e l imina te  the a t m o s p h e r i c  a b s o r p t i o n  is t o  u s e  a r a r e  i so tope  of c a r b o n  

dioxide which  has negl igible  abundance  in  the a t m o s p h e r e .  

wavelengths  . .  of i so top ic  c a r b o n  d ioxide  a r e  g iven  by  McCurdy  and  Wiede r  

[Ref.  331. 

for  long  p e r i o d s  of t i m e  i n  a s e a l e d  off condition. 

laser i n  s p a c e  app l i ca t ions  2 

The b e s t  way to 

T h e  osc i l l a t ion  

Only  r e c e n t l y  has the  CO laser b e e n  ope ra t ed  s a t i s f a c t o r i l y  

Tha t  is ,  f o r m e r l y  the  
2 

g a s e s  w e r e  r e p l a c e d  cont inuously i n  the laser tube  in o r d e r  t o  w a s h  a w a y  

m o l e c u l a r  s p e c i e s  tha t  r e s u l t e d  f r o m  a t o m i c  r e a r r a n g e m e n t s  i n  the  g a s  
d i s c h a r g e .  

s e a l e d  off laser giving ga in  of 4. 8 db/m i n  a n  u n s a t u r a t e d  small s i g n a l  

a m p l i f i e r ,  o r  1. 2 d b / m  wi th  95 w a t t s  output i n  a power  s a t u r a t e d  osc i l l a to r .  

Ca rbone  [Ref.  341 r e p o r t s  s ing le  f r equency  ope ra t ion  i n  a 

2 . 2 . 4 . 2  D e t e c t o r  S u b s y s t e m  

The  F i g .  p. 70 shows  the  opt ics  a t  the  midd le  s t a t i o n  w h e r e  the  focus ing ,  

b e a m  combining,  the  de t ec t ion  a p p a r a t u s  a r e  loca ted .  Th i s  f i g u r e  shows 

one end of the v a c u u m  pipe t e r m i n a t e d  by  a l e n s  which  f o c u s e s  a beam 

onto the  d e t e c t o r .  

window followed by  a C a s s e g r a i n  focus ing  s y s t e m  tha t  employs  two re -  

f l e c t o r s  i n s t ead  of a l e n s .  

K C 1  o r  NaC1.  

doped g e r m a n i u m  cooled t o  about  20°K wi th  l iquid hydrogen .  

hydrogen  is qui te  safe i n  a n  o b s e r v a t o r y  env i ronmen t  w h e r e  the  v a p o r s  

quickly p a s s  through a hole  i n  the ce i l ing .  

of vapor i za t ion ,  is inexpens ive ,  and  is commonly  u s e d  a t  the Mt .  P a l o m a r  

obs e r v a  t o r y  . 

Al te rna t ive ly  the p ipe  c a n  b e  t e r m i n a t e d  wi th  a p lane  

T h e  b e a m  combining p r i s m  c a n  be m a d e  of 

The  d e t e c t o r  w i l l  p robab ly  be a photoconductor  of m e r c u r y  

Liquid  

Liquid  hydrogen  has h igh  h e a t  

Note  the  p r i s m  i n  the  F i g .  p.  70  which  s u p e r i m p o s e s  the  two i n t e r f e r i n g  

b e a m s  on a c o m m o n  f o c a l  p d n t .  

90% re f l ec t ing  ( m o r e  o r  l e s s )  s o  tha t  v e r y  l i t t l e  of the s igna l  f r o m  s p a c e  

is l o s t  b y  t r a n s m i s s i o n  through the s u r f a c e .  

T h e  V-shaped  s u r f a c e  should be about  

Th i s  m e a n s  that  the  V 
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surface passes  only about 10% of the local oscil lator power, but this in- 

efficiency is of no concern since an  ordinary CO 

power than necessary for  the local oscil lator function. 

advisable to sacr i f ice  even m o r e  local oscil lator power with an  attenuator 

situated a s  indicated. To  understand the purpose of this attenuator note 

that the V surface ac ts  a s  a corner  reflector to re turn  most  of the LO'S 

power to the l a se r .  

modes that would f o r m  between the corner  ref lector  and the output 

m i r r o r  inside the l a s e r .  

se rve  a s  the output m i r r o r  of the l a s e r  per  s e ,  

ponent in such a dual capacity is often poor pract ice  a t  the prototype stage 

of development. 

l a s e r  emi ts  far m o r e  2 
In fact ,  i t  is 

The attenuator damps out spurious standing wave 

Alternatively.the V sur face  i n  the prism could 

but the use  of one com- 

2 . 2 . 4 . 3  Fr inge  Count Incrementing Logic 

Each t ime the detector s e e s  one cycle of minimum and maximum light 

intensity the logic in the receiver  must  change the interference fringe 

count by one unit. 

the fringe counting logic knows whether to increment or decrement  the 

fringe count. 

namely 

It is essent ia l  to der ive  a n  algebraic  sign s o  that 

This sign may be derived i n  any one of a t  least  three ways, 

1. 

2. radio frequency technique, or 

3 .  quar te r  -wave phase modulation, 

cla s si ca 1 optics technique, 

of which we recommend the las t .  

of tilting one of the two interfering beams slightly with respect  to the other,  

Then the detector field contains a se t  of paral le l  light and dark interference 

fringes.  

dark and back, the fringe count is incremented or  decremented according 

a s  the overall  fr inge pat tern appeared to move to the right or  to the left. 

The dec- ra te  sys t em could employ this technique, but i t  requi res  a t  l eas t  

one extra detector [Ref .  351 and amplifier and therefore is probably not 

cost effective. 

The classical  optics technique consists 

When any one point i n  this field completes a cycle f r o m  light to 
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The second technique for  increment  s ign logic a l s o  requi res  two de tec tors .  

The le f t  signal fa l ls  o n  the left detector and the right signal on the right 

detector .  

one another.  

termination of the sign a r e  performed a t  radio frequency where the 

techniques have been standardized. However, the disadvantage of this 

technique is  that the local oscil lator illumination is absolutely required.  

We recommend having a rece iver  mode of operation in which the local 

oscil lator is turned off and the sys t em functions a s  a conventional infrared 

detector instead of a n  optical heterodyne rece iver .  

much l e s s  sensit ive,  i t  has  thse advantage of being ab le  to operate with a 

signal f r o m  the l a s e r  experiment on the ATS-F.  

c a r r y  wide band modulation f r o m  the GSFC l a s e r  communications ex- 

periment.  

unless  i t  is especially designed to accept many megacycles of modulation. 

Both signals mix with the local oscil lator beam but not with 

In this c a s e  the final superposition of signals and the de -  

.b .l- 

While this mode is 

This signal w i l l  often 

Such modulation’may confuse the optical heterodyne rece iver  

F o r  determining increment  signs we recommend the third technique which 

requi res  only one infrared detector .  

a quarter-wave phase modulator in one of the two interfer ing beams but 

not the other .  

plate driven a t  about 1 kHz to be s u r e  that i t s  modulation i s  m o r e  
rapid than the random a tmospher ic  modulation. When the interference 

fringe on the detector is changing f r o m  light to dark  (or  vice ve r sa )  the 

detector will t ransform the phase di ther  (imposed by the modulator) into 

amplitude modulation. The fringe increment  sign is positive o r  negative 

according to the positive o r  negative correlat ion between the intensity 

fluctuations a t  the detector and the sign of the phase shift. 

A s  shown in the Fig.  p. 70 i t  requi res  

This can be a n  electro-optic modulator o r  a rotating phase 

2.  2.4.4 L a s e r  Stability 

Section 2.  2 . 2  descr ibed a scheme that eliminates the necessity for  a 

precisely known l a s e r  wavelength. In the parlance of l a se r  technology 

::: 
Hewlett Packard  manufactures a n  electronic counter which comes a l ready  
wired for  increment  sign logic. 
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the scheme eliminates the need for long-term stability. However, the 

scheme breaks down if the satellite moves m o r e  than a few degrees  in 

declination a s  we noted i n  Sec. 2 . 2 . 2 .  

will have to be refered to  a length standard, or e lse  the laser  frequency 

wi l l  have to be slaved to some characterist ic frequency of the carbon di-  

oxide molecule, or an appropriate transition in some other molecular 

species. 

proposed and attempted, but with the GO2 laser  none has  been nearly a s  

effective a s  the atomic clock techniques used i n  the microwave part  of 

the spectrum, a t  least  not for a reasonable cost. 

ra te  system we recommend using the baseline itself a s  a standard of 

length instead of the l a se r  wavelength. 

In such cases  the laser  wavelength 

Many schemes f o r  stabilizing l a s e r s  i n  the laboratory have been 

Therefore i n  the dec-  

A baseline length standard is established by situating the laser  transmitter 

a t  one end of the baseline, sp l i t t ing  off a p a r t  of the beam which propagates 

down the baseline to a mirror a t  the other end and back. 

used interferometrically to monitor the number of wavelengths i n  the 

baseline. 

may be enclosed i n  a pipe that runs parallel  to the main interferometer 

pipe. Unfortunately, one or more  shorter  interferometric length standards 

a r e  required to resolve cycle ambiguities. 

expressed a s  N wavelengths, then NX/b i n  Eq. (7) becomes N / N  and 

the wavelength has droppedout of the tracking problem. 

length is changing appreciably during the length of time that the s igna l  
propagates to  the satellite and back, it is still possible to make the 

correction because the fringe counter of the baseline monitor has  main- 

tained a complete time history of the variations in  the wavelength. 

ever,  the complexity of this extra equipment and data may limit  the appl i -  
cation of the ten-micron system to orbits that a r e  accurately geostationary 

(such a s  ATS-F) in  which case rudimentary stabilization suffices, 

This beam i s  

This monitor beam, which travels down and back the baseline, 

When the baseline length is 

b b 
Even if  the wave- 

Mow- 

In the event that i t  becomes*necessary to  rese t  a laser  to a n  accurate 

wavelength reference,  we give a capsule review of stabilization techniques 

that have been proposed and attempted. Siegman [Ref. 361 has proposed 

7 3  



stabil izing the laser to the center  

laser ampl i f i e r .  

his or iginal  predict ions.  Mocker  [Ref. 291 has d i scussed  stabil izing the 

CO 

on two of the s p e c t r a l  l i nes  in i t s  rotat ional  f ine s t r u c t u r e .  

d i scuss ions  of CO 

Mocker [Ref. 391 h a s  given the effects of va r ious  p a r a m e t e r s  which tend 

to a l t e r  the frequency of the laser ,  espec ia l ly  the dependence on e l ec t r i c  

c u r r e n t  and p r e s s u r e  of the gas .  F e i n  e t  al.  [Ref. 401 desc r ibed  a 

technique that r e m o v e s  the e l ec t r i ca l  f a c t o r s  which pe r tu rb  the wave-  

lengths.  

w e r e  no e l ec t r i ca l  phenomena i n  the l a s e r  tube. 

f requency of the gain bandwidth in  a 

To  our  knowledge this  has  not yet per formed a s  well  a s  

l a s e r  a t  a c r o s s  over  point w h e r e  the CO 2 2 molecule  wants to osci l la te  

Some other  

laser s tabi l izat ion a r e  given in Refs .  37 and 38. 2 

They succeeded in  pumping a CO l a s e r  thermal ly  so that  t he re  2 

The m o s t  p r e c i s e  f requency r e f e r e n c e s  a r e  the a tomic  clocks,  but to u s e  

these one must span the gap between microwave  and optical  f requencies .  

This  has been  done in  the labora tory ,  but i t  c a n  ha rd ly  be r ega rded  a s  

a n  operat ional  technique to u s e  in the field.  

detected the bea t  between a l a s e r  at .337 p. and the 13th ha rmon ic  of a 

k lys t ron  a t  75 GHz. F r e n k e l  e t  a l .  [Ref. 421 bea t  118.6 p. with the 17th 

harmonic  of a k lys t ron  a t  148 GHz. 

these  ha rmon ic  methods to lop.. 

Hocker  e t  al .  [Ref. 411 

T o  our knowledge, no one has extended 

Bes ides  long- t e rm stabi l i ty ,  t he re  is another  problem of l a s e r  s tabi l izat ion 

commonly known a s  s h o r t - t e r m  stabi l i ty .  

environment  the v ibra t ion  and acous t ic  noise shake the r e sona to r  m i r r o r s  

of the l a s e r  and cause  a r andom frequency modulation that broadens  the 

s p e c t r u m  of the l a s e r  to a bandwidth on the o r d e r  of a MHz. This  i s  

undes i rab le  because  the r e c e i v e r  m u s t  not only be built to handle the 

g r e a t e r  bandwidth, but m u s t  a l s o  accep t  the noise  contained in the 

broadened bandwidth. 

experimental ly  by F r e e d  [ R e f .  271. 

of 5 p a r t s  i n  10 l2 ,  which co r re sponds  to  150 Hz, fo r  a t ime in te rva l  of 

0. 05 sec by using s t ra ight forward  precaut ions  such  a s  a rigid r e sona to r  

of supe r inva r ,  acous t ic  damping,  magnet ic  shielding, and mounting on 

In the o rd ina ry  l abora to ry  

The  topic of s h o r t - t e r m  l a s e r  s tabi l i ty  was  studied 

He  succeeded in  achieving a stabil i ty 
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a grani te  s lab  with vibrat ion and acous t ic  isolation. A s p e c t r a l  ana lys i s  

of h i s  res idua l  s h o r t - t e r m  instabil i ty indicated that the s tabi l i ty  would 

have been 5 p a r t s  i n  1013 o r  15 Hz had the s y s t e m  been f r e e  f r o m  6 0  Mz 
modulation in the power supply. Anywhere in this  range  f r o m  15 to 150 

Hz i s  adequate  s tabi l i ty  f o r  the in t e r f e romete r  s y s t e m  recommended he re .  

In the r e m o t e  environment  of a t racking s ta t ion i t  is easier to achieve  

s h o r t - t e r m  stabi l i ty  than in the noisy labora tory  environment.  

conservat ive e s t ima tes  in  the range  equation (Sec. 2.2 .3)  we a s s u m e d  a 

bandwidth of 200 Hz f r o m  res idua l  s h o r t - t e r m  instabil i ty.  

F o r  

2 . 2 . 5  Si te  Selection 

Selection of the bes t  s i t e  f o r  the m o s t  un i form dis t r ibut ion of a i r  t e m -  

pe ra tu re  depends on the pat terns  of air flow in the area under  considerat ion.  

The bes t  s i t e s  fo r  night seeing a r e  on mountain tops,  because  the ground 

cools the air a t  night and the air  flows down the s ides  of the mountain 

leaving the observa tory  in  undisturbed air  which has come  f romabove  

to d isp lace  the a i r  flowing down. 

s idera t ions  apply and the mountain top is l ikely to b e  a poor choice.  

Ins t ruments  for  dayt ime seeing have been s i tuated on a n  island surrounded 

by a l a r g e  lake,  o r  even in the middle  of a dep res sed  t e r r a in .  

bes t  ave rage  seeing d a y  and night, which is probably the appropr i a t e  

c r i t e r ion  for  the d e c - r a t e  s y s t e m ,  i t  is probably impossible  to find good 

air  dra inage  all of the t ime o r  even m o s t  of the t ime.  

bes t  compromise  is probably to s i tuate  the s ta t ion a t  the highest  possible  

alt i tude consis tent  with the cos t  of building fac i l i t i es  i n  r e m o t e  locations.  

F o r  good day seeing opposite con- 

F o r  the 

In this case the 

In descr ib ing  the or iginal  concept as  a decl inat ion-rate  s y s t e m  we have 

as sumed  that the base l ine  can be  aligned pa ra l l e l  to the e a r t h ' s  axis o r  
near ly  so.  

about 37O, and one interest ing s i te ,  the Smithsonian observa tory  on Mt. 

Hopkins is a t  lat i tude 32Q. This  m e a n s  that the ground f r o m  the southern  

to the nor thern  s ide ros t a t  s ta t ion would s lope upward a t  30' or  m o r e  in a 

t ruly polar  sys t em.  

The southwes tern  United S ta tes  lies between la t i tudes 31' to 

This is a s teep  s lope indeed, but s e v e r a l  a r e a s  
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a d j a c e n t  to  the  Mt. Hopkins  road  have a nor th - sou th  s lope  equal  to  the 

la t i tude  a s  the  contour  m a p  on page 32 shows.  

s lope c o r r e s p o n d s  to  th i s  d i s t a n c e  be tween  a d j a c e n t  heavy contour  l ines :  

On th i s  m a p  the po la r  

The  only s e r i o u s  diff icul ty  wi th  a non-polar  no r th - sou th  b a s e l i n e  o c c u r s  

i f  and  only i f  - both  of the following condi t ions  apply: 

The  s y s t e m  tracks a g e o s t a t i o n a r y  s a t e l l i t e  wi th  a n  un -  

s t ab i l i zed  l a s e r ,  and  s o  the  i n t e r f e r o m e t e r  d e t e c t o r  is 

s i tua t ed  n e a r  the  z e r o  o r d e r  i n t e r f e r e n c e  f r i n g e  as  d i s -  

c u s s e d  i n  Sec .  2 . 2 . 2 .  

T h e  d e c - r a t e  s y s t e m  t r a c k s  one o r  m o r e  s a t e l l i t e 8  that  

h o v e r  i n  two o r  m o r e  d i f f e ren t  geos t a t iona ry  pos i t ions  

tha t  d i f f e r  s ign i f icant ly  i n  h o u r  ang le  ( lmgi tude) .  

.t. -,- 

:$ 

The  p r o b l e m  is that  the  z e r o  f r i n g e  pos i t ion  w h e r e  the  d e t e c t o r  should 

b e  loca ted  is not the  same f o r  the  two h o v e r  pos i t ions  u n l e s s  the  baseline 

is po la r .  

T h e s e  s i t e  s e l e c t i o n  f a c t o r s  a r e  only t h e  beginning of a compl i ca t ed  trade- 

off that  is beyond the  s c o p e  of th i s  r e p o r t .  

is 

whe the r  t o  m a k e  E a s  small a s  p o s s i b l e  o r  b a s  l a r g e  a s  poss ib l e .  

Small E: r a i s e s  c o s t  b y  putting the s t a t i o n  in  a r e m o t e  s i t e  a t  v e r y  h igh  

a l t i tude .  L a r g e  b raises c Q s t  i n  two ways ;  f i r s t  is the  length  of pipe 

f o r  the enc losed  b a s e l i n e ,  and  second  is c o s t  a s s o c i a t e d  wi th  the  f a c t  

that l a r g e  b p r e c l u d e s  the  u s e  of a p o l a r  b a s l i n e  a n d  m a y  r e q u i r e  a 

R e c a l l  t ha t  the t r ack ing  e r r o r  

A 0  w € / b y  s o  tha t  t h e r e  is a c o s t  e f f ec t iveness  f a c t o r  i n  d e t e r m i n i n g  
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stabilized laser. 

i s  $10 per foot on Mt. Hopkins o r  $6 per  foot in a rather level a r ea  with 

good paved access. 

resolved fully until after a preliminary dec-rate system has been built 

and used. 

baseline in a high altitude site, because the complications in this case 

(access and construction on an incline) a r e  not s o  highly technical. 

A preliminary cost estimate for installed baseline pipe 

The tradeoff suggested here probably will  not be 

Our inclination f o r  a f i rs t  experiment i s  to use a short polar 
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2 . 3  VERY-LONG BASELINE MICROWAVE INTERFEROMETRY 

Microwave interferometers  that employ two stations situated at the same  

facility, e. g . ,  500 to 1500 m e t e r s  apar t ,  do not give accuracy that i s  

adequate fo r  the purposes of this report ,  since tracking e r r o r s  in the 

range of one to severa l  a r c  sec  have been reported [Refs. 43, 441. 

However, microwave stations separated. by many thousands of mi les  

have been used a s  interferometr ic  pa i r s ,  without physically superimposing 

the two signals. 

atomic clock of the most  prec ise  variety. 

signal frequency very accurately by counting the number of cycles in a 

known t ime interval. Then, the beat frequency between signals f rom 

each station is calculated by numerical ly  subtracting the signal frequency 

a t  one station f rom that a t  the other without physically bringing the two 

signals together. [ R e f s .  3, 45, 461 

This is possible if each station is equipped with an 

Each station measu res  the 

F o r  radio astronomy the interferometer  u ses  very wide bandwidth, and 

s o  ( a s  in white light interferometry)  the zero o rde r  interference fringe 

i s  readily identified to give absolute angles. 

there  a r e  the usual  cycle ambiguities, s o  only angle ra te  is  available 

unless wideband modulation is used a s  in pseudo -random range codes. 

Moreover, we m u s t  emphasize that the astronomical technique applies 

only to relative angles within the s t ruc ture  of an  extended source.  

Radio as t ronomers  infer the angular extent of a radio source f r o m  the 

visibility of its interference fringes.  

pcsition o r  angular ra te  of a radio source  f r o m  an absolute fringe count. 

In fact, the data f r o m  two VLB stations a r e  usually adjusted by t r ia l  and 

e r r o r  in a manner  that corresponds to searching f o r  the radio source  in  

angle. 

However, with CW signals 

They usually do not infer the angular 

The use  of VLBI for  the tracking of geodetic satell i tes is rnarginal fo r  a t  

l eas t  th ree  reasons: 

7 9  



:; An active transmitter on the satellite is required unless 

one can afford to irradiate the satellite with a very powerful 

transmitter that uses a separate antenna well removed from 

the receiver station. This is in contrast to the laser 

retroreflectors which achieve high gain owing to the very 

short wavelength of light. 

The stations a r e  s o  fa r  apart  that they must be situated on 

separate parcels of land and manned by separate crews, a 

very important factor in costs unless the stations a r e  

existing ones. that can spare the time f o r  VLBI f rom other 

activities. 

Lengthy and expensive data reduction i s  required at  the 

end of an experiment, which means that the tracking data 

a r e  not available in real  time. 

by the Baker-Nunn camera systems. 

The baseline is  comparable to the radius of the earth, which 

means that the curvature of the earth causes horizon diffi- 

culties a s  indicated in the Fig. p.81 . 

d, 1- 

.II 1- 

This disadvantage is shared 

:$ 

The Fig. p. 81 uses a 65' a r c  f o r  the baseline, since this is the a r c  between 

a pair of existing stations in the NASA Deep Space Net which a r e  almost 

on a N-S line (12th meridian E f 15'). 

that the effective horizon at  each station is  a t  30 

that elevation the a i r  mass  along the line-of-sight exceeds two (cosecant 

30 = 2).  

a cone that subtends 120' about the zenith. 

it  i s  the intersection of two such cones that is  usable tracking space. 

When the two cones a r e  tilted apart by 65O ( o r  even a s  little as  30') the 

usable space is  seriously decreased, especially since low altitude 

satellites a r e  likely to pass beneath the volume of the cone intersection. 

However, for  high altitude satellites, the horizon disadvantages a r e  

partially offset by the all-weather utility of the microwave bands. 

F o r  the figure, we also assume 
0 elevation, for  below 

0 The usable solid angle that a single station sees i s  contained in 

F o r  an interferometric pair 
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SCALE I cm - 500 m i l e s  
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Despite a l l  these difficul-ties the VLBI technique deserves  consideration, 

since s o  much existing equipment could be used fo r  this purpose. 

optimum frequency f o r  VLBI depends upon the weather and altitude at 

the s i tes  in  question, but they generally fa l l  in the X-band par t  of the 

spectrum. 

ser ious perturbations and absorption f r o m  the water  vapor in the air. 

Longer wavelengths interact  with the ionosphere and suffer similar 

phase disturbances.  

difference in phase path between the two stations, a number derived f r o m  

private communications with G. B. Thayer of ESSA, Boulder, Colorado. 

According to him one can use  p r e s s u r e  and temperature  readings to 

es t imate  the atmospheric  phase delay to an  accuracy  having a s tandard 

deviation of about 5 cm. 

f o r  two stations and fo r  the fact  that one o r  both of the stations is likely 

The 

Shorter  wavelengths and especially mi l l imeter  waves suffer 

The basic  accuracy  of VLBI is about 20 c m  in the 

We have quadrupled this number to account 

to t rack  to ra ther  low elevation angles,  e i ther  a t  the beginning o r  end of 

a satell i te pass ,  a s  a resu l t  of the horizon difficulties discussed above. 

With optical in te r fe rometers  we est imated tracking e r r o r s  in angular 

units by di'viding the phase path e r r o r  by the baseline. However, f o r  

VLBI this is invalid in many c a s e s  because the baseline is longer than the 

range to the satellite. 

the ult imate accuracy  with which increments  in the satell i te position can 

be measu red  paral le l  to the baseline. F o r  satel l i tes  in high orb i t s  such 

a s  geosynchronous orbit  the old es t imate  A 0  w 8 / b  

find 

In these cases  we can m e r e l y  say  that 20 c m  is 

is s t i l l  valid and we 

-8 A0 = 20 c m / 6  Mm = 3 x 1 0  rad,  

a number that is comparable to the accurac ies  we have est imated with 

l a s e r  sys tems.  In this es t imate  we chose a baseline of 1 radian of the 

ea r th ' s  surface which slightly relieves the horizon problem i l lustrated 

in Fig. p. 81. 
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Having discussed the ultimate tracking accuracy, we now turn to the 

ser ious problem of the drift ra te  in the atomic clock a s  i t  re la tes  to 

tracking accuracy with VLBI. 

that the baseline is in a polar direction and has  the optimum length, 

about 3 Mm or  1900 miles.  In real i ty  there  is no assurance  that two 

cooperative stations can be found with such a spacing, and one would 

probably have to chose two stations with a different spacing o r  e l se  

build a new one. 

then there  will be horizon difficulties; i. e. , when the satell i te is a t  

high elevation as observed f r o m  one station i t  is likely to be too 

close to the horizon a t  the other. 

shor te r  than 3 Mrn then, accuracy is sacrificed. 

Let us begin with the l iberal  assumption 

If the baseline i s  much longer than the optimum value 

Conversely if the baseline is much 

We extract  the e r r o r  t e r m  in Eq. (8) that is proportional to AN, and 
differentiate with respect  to t ime (dot notation) to indicate a spurious 

fringe counting ra te  f r o m  the clock drift: 

A ( C O S  88 ) = (X/b)QN = @X/b , 

where AN E € ( see  Fig. p. $4 ) is the clock e r r o r  frequency o r  drift  ra te .  

F o r  the e r r o r  in angular increment be we integrate for  an observation 

time T and find 

,T 
A 

0 

cos 0e)dt %cos  8 dt = cos 8Ae = CTh/b . 
0 

Let us also make the l ibera l  assumption that the clock drift  ra te  i s  1 pqrt 

in a precis ion which can be achieved only with the hydrogen mase r .  

Then the frequency e r r o r  is 
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1 Let us take T = 2 day for the tracking time over which the e r r o r  accumulates. 

The result is  

-6  cos 8Ae = 0.43  x 10 ' radian . 

The above tracking accuracy represents a significant advance, but the e r r o r  

is much larger than that imposed by the atmosphere and the system requires 

the most sophisticated of al l  clocks. Moreover, the e r r o r  is large cQm- 

pared to that of the two laser  systems discussed in the last two sect ims.  

In two subsections to follow we describe ways to circumvent this difficulty 

and return to the accuracy estimated f o r  the atmospheric limitation. 

However, the price in terms of hardware is severe. 

requires several antennas just to measure one angular rate, and the 

second requires the participation of two satellite transponders each of 

which transmits a signal harmonically related to the received signal on 
two separate bands. 

The first system 

The feature which VLBI clearly needs fa r  precision satellite tracking is 

a local oscillator in the s k y  which serves a s  a phase reference fox both 

stations of the interferometric pair. 

interferometer to examine a celestial radio s w r c e  exactly a s  a radip 

astronomer would do, with one exception. The local oscillator in the 

receiver at  each station does not supply a signal derived from an atomic 

clock, but rather the received signal from a satellite. 

celestial source serves a s  an angular referepce f o r  the satellite and the 

angular rate that i s  measured pertains to the difference between two cone 

angles. 

satellite and the other through the celestial source. 

system may monopolize a s  many a s  five antennas. 

follows, one transmitter sending a signal to the satellite that i s  derived 

from an atomic clock, the satellite transponder then generates a 

A way to achieve this is to use the 

In this way the 

Both cones have the baseline a s  axis, one passes through the 

Unfortunately this 

We add up five a s  
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harmonically related signal which it transmits back to earth. 

antennas one at  each end of the baseline receive the satellite signal. 

Two 

Two antennas one at  each end receive the broadband signal f r o m  the 

celestial radio source. 

extremely interesting experiment if existing facilities can be scheduled 

fo r  a time when a satellite passes very close in angle to an appropriate 

celestial source. 

astronomers looking at  the structure of sources, i. e . ,  1 /1000  a r c  sect 

can be realized because the local oscillator i s  above the atmosphere 

and passes through the same disturbances on the way to  the ground that 

the reference signal passes through. 

e r ro r s  drop out in this case. 

plexity of the experiment, we cannot recommend this technique a s  a 

new facility to be built f o r  the primary purpose of tracking geodetic 

sat  ellit e s. 

The technique described here  would make an 

In this way the accuracy that has been achieved by radio 

Thus the atmospheric tracking 

However, because of the size and com- 

2. 3. 2 Differential Range-Rate System 

The system described here is  not very practica1,but i ts  description is 

instructive in that it points out certain kinematic relations between 

different forms of tracking. In particular we begin by proving that 

declination rate is equivalent to differential range-rate between two 

stations on a north-south baseline. Alternatively hour angle rate is 

equivalent to differentia1 range -rate between two stations on an east-west 

baseline. 

interferometer that gives the propagation path difference = b sin 8 = NX. 

Recall that the interference fringe count N is  not measurable, only 

the counting rate N i s  observable, so we differentiate to obtain 

F i r s t  consider the Fig. p. 8 7 ,  viewing the diagram a s  an 

b cos 8 9  = Iki. 

The terminology "fringe counting rate" is that of optical interferometry. 

F o r  rf systems i t  i s  more  appropriate to call N the beat frequency 

between signals received at  the two stations. Equation (15) is the funda- 

mental equation of the angular rate interferometer. 
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Geometry for proving the equivalence between interferometric 
angle ( e )  rate and differential range rate. 



Next we view the s a m e  d iagram a s  a differential range rate  sys tem and 

accordingly calculate the range ra te  difference. 

1 

2 = 2v s in  ~ ( C L  su sin +(u 2 1  

- 
since CL - a  < < 1 . 2 -a1) ,  2 1  = v sin u (a  

1 '  - 
Here a = average = z (a2+aL)  . 

- 
But v s in  a = tangential velocity = Re, s o  

In the last s tep we se t  b cos 8 = R ( a  - a  ) o r  simply R ( U  - a  ), since 

a - a  < <  1 and R B R  = R . Rewriting gives 
2 2  1 2 1  

2 1  2 1  

b C O S  8 8 = AR 

Equations (1 5) and (1 6)  a r e  the fundamental equations of the r a t e  in te r -  

f e romete r  and the differential range - ra te  sys t em respectively. 

the equivalence we need to prove that 

To show 

AR = Nh , 

which is readily demonstrated a s  follows: 

* d  AR = - dt (R1 -R2) 

d 
dt = - ( N h )  = AN . 
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The las t  step tacitly a s sumes  that X is a constant, which i t  is not i f  the 

frequency drifts .  

The ra te  interferometer  and differential range- ra te  sys tems respond 

differently to clock e r r o r s .  

Hence the equivalence applies only to the ideal system. 

In the explanation of Fig. p. 87 and Eqs, (1 5) and (16)  we have shown that 

a differential range-rate  sys t em is equivalent to the interferometer .  

The f o r m e r  a l so  emplays two microwave stations, one a t  each end of the 

baseline, but the two stations operate a t  different frequencies and in-  

dependently measu re  range rate by transponding f r o m  the satell i te.  *'* 

A phase coherent transponder is required,  which means that the space-  

craf t  receives on one frequency, fo rms  a f ract ional  harmonic of the 

4. 

received signal at a second frequency that falls within the same band, and 

finally amplifies and t ransmi ts  the harmonically related signal. 

the seond signal i s  received on the ground the reciprocal  harmonic is 

taken, 

frequency were  t ransmit ted round t r ip ,  except that the p r w e d u r e  p r e  - 
vents any interference between the t ransmi t te r  a4d receiver  at e i ther  

station. Fig. p. 87 has  a l ready  shown that the clock e r r o r  € is preserved  

in the in te r fe rometer  output. 

in the differential range - r a t e  sys  tem. 

When 

The net resul t  of the harmonic procedure is a s  though one 

We now show that it cancels to f i r s t  o rde r  

The logic for  one of the two microwave dec- ra te  stations is shown in 

Fig. p. 9 0 .  
sents  a multiplicative frequency (clock) e r r o r  and corresponds to (1 4- G )  

in the interferometer  case  (Fig.p.  84). Note that A drops out in the 

final raio. However, higher o rde r  clock e r r o r s  will not caqcel out, in 

par t icular  the frequency dr i f t  that takes place during the round-trip 

The fac tor  A is approximately but not exactly one: i t  r e p r e -  

.L -4- 

Fortunately, the A T S - F  mission will include phase coherent transponders 
a t  both L and S-band, and the experiment can be tr ied i f  desired.  
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S AT E L LI T E 

COUNTER 
D I FFERENCE 

COUNTER 4 F REOU ENCY 

2 A f  R / c  

Microwave dec -rate sys tern: block diagram for one station and one 
of two transponded frequencies. 
of clock errors  contained in factors A ( * l )  and T .  For simplicity 
diagram omits harmonic up  and down conversions that prevent 
in te rfe rence be tween transmitter and receiver.  

Note cancellation ( in  ratio block) 

2T Af R/c 

9 0  

R A T I O  *2  R / c  = OUTPUT 



signal propagation time. 

the limiting tracking e r r o r  is the atmospheric one derived ea r l i e r ,  

namely 

This can be made negligible in which case  

-8 A0 = 3 x 10 r adw0 .01  a r c  sec  , 

o r  more ,  perhaps 0. 02 a r c  sec,  i f  the signals a r e  not a l l  at X-band, 

but include an L-  o r  S-band link. 
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PART I11 

COMPARISONS, CONCLUSIONS, 
AND RECOMMENDATIONS 

The summary  table on the following page i s  largely self-explanatory, 

novel l a s e r  and microwave sys tems a r e  compared to one another and to 

the Baker-Nunn camera  system. 

f rom this table because i t  is hard  to cornpare on the same basis. 

that i t  requires  a special  satell i te,  but i t  could give 10 c m  accurac ies  

the ground. 

Five 

The s t a r  occultation sys t em was omitted 
Recall 

The microwave systqrns; a r e  tQo cprnplex to consider  except asi special  

experiments using existing facil i t ies a t  t iwes  when the scheduling of these 

facil i t ies permits.  

the satel l i tes  are: candidates f9r new and permanent faci l i t ies  f o r  the 

tracking of geQdetic satellites, 

The l a s e r  sys tems using pasgive re t roref lec tors  on 
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3 .  1 THE ATS-F OPPORTUNITY 

Many features of the ATS-F mission make it the ideal opportunity to test  

optical interferometric tracking with minimum cost, development r i s k  

and difficulty. 

the fact that the satellite wil l  c a r ry  an active laser  beacon. 

tages that derive from these properties are outlined below: 

These features relate to the geostationary orbit and to 
The advan- 

1. High intensity from the active satellite laser,  i, e . ,  
square law propagatioe loss instead of the severe 

fourth power law of radar. 

a. Relieves requirements for aperture 3nd receiver 

sensitivity, 

17. No high power grouqd transmitter requirement, however 
there must be an qcquisition beacan within 2 o r  3 

miles of the interferometer. 

2. Geos: tqtiorrar y orbit advantages. 

a. Small doppler shifts simplify the laser  receiver 

s ystern. 

A fixed line -of -sight permits a i r  temperature b. 
corrections. 

c. A fixed line -of -sight eliminates need for  wavelength 

precision, i. e . ,  long-term stability of the lasers  is 

unnecessary. 

A simplified acquisition and tracking system will  
suffice, since the satell,ite can always be located by 

photography. 

Low angular rates minimize the mechanical require- 

ments of the telescope. 

d. 

e .  

Some of the above advantages a r e  self -explanatory, 1 b is explained below, 

and 2a through 2d a re  explained in detail in Sec. 2. 2. 1. 
f o r  the ser ies  of applications technology satellites incivde a carbon dioxide 

laser  experiment on b a r d  the ATS-E. 

The NASA plans 

If the wissiop is successful as 
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planned, a ground station w i l l  illuminate the satellite with a laser  beacon, 

and the s'atellite wi l l  point its beacon back at  the same ground station where 

the beam will irradiate a circle about 4 miles in diameter. 

the remark in item l b  above. That is ,  a ground beacon i s  required, but 

i t  is only a beacon and not a transmitter with the very high power and 

directivity required to overcome the severe space propagation losses of 

echo ranging o r  lidar. 

This explains 

We strongly recommend that a laser  interferometer experiment be 

included among the experiments associated with the ATS-F mission 

to experimentally prove the dec-rate tracking concept. 

interferometer that Bell Telephone Labs plans f o r  this m'ission does not 

employ a long enough baseline f o r  the purpose intended here. 

primarily a 101~. propagation experiment rather than a tracking feasibility 

experiment. 

The small  

It i s  
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3 . 2  THE ULTIMATE LASER ANGLE TRACKER 

The differential l idar  sys tem offers the grea tes t  potential for  the ultimate 

interferometr ic  tracking system; although i t s  development should wait 

f o r  routine advances in the technology of picosecond pulses. 
two pulses only 150 microns  long enter  the two telescopes, propagate 

along the baseline, then collide at an  accurately meqsured position. 

The recQrding of the collision event constitutes a so r t  of intensity in t e r -  
fe rometry  using non-linear optics. 

Recall  that 

Unlike the tee-micron system, this l a s e r  sys tem can 

::: operate  with quartz  (s tandard mater ia l )  re t roref lectors .  
measu re  absolute angle instead af increrr,ents only, 

t rack  any satell i te that laser ranging ( l idar )  sys tems track, 

operate in a duplex mode that eliminates the separa te  

t ran smi t  t ing tele s c ope, 

Recall  that i t s  es t imated qccuracy is 0, 02 arc  sec  = 

baseline of 1500 w e t e r s .  

accuracy of 20 cm. 

l a s e r  have been converted to second harmonic pulses a t  0. $ 3 ~  instead of 
1. 0 6 ~ .  This opens the possibility of a tmospheric  correction by the tech- 

nique of two color extrapolation. 

.I. -r 

4. VI- 

.I. *r 

radian with a 

At a typical range of 2Mm, this gives linear 

MoreQver,  picosecond pulses f r o m  the Nd:glass 

Some basic  questions, especially those regarding the small-signal 

amplifying and noise propert ies  of the Nd:glass l a s e r  could be answered 

by straightforward laboratory experiments.  

97 



A PPENDICES 

9 8  



A P P E N D I X  A 

A .  THE PERTURBED MOTION O F  A GEOSTATIONARY SATELLITE 

Figure  1 shows three views of a n  orbit  which is a smal l  perturbation 

f rom the geostationary orbit. The scale  is dis tor ted to f i t  the figure 

to the page. The coordinates x, y, and z a r e  geostationary coordinates 

having their origin a t  the position of a body i n  geostationary wb i t .  

Thus non-zero values of x, y, and z represent  perturbations,  x in 

the tangential or hour angle direction, y i n  the radial  direction, and z 

i n  the out-of-plane or  declination direction. That i s ,  if we let  R 
stand for the radius of the geostationary orbit ,  then 

[a 1 x/R = hour angle (HA) change f r o m  the HA 
of the origin, 

(b) Y+R = geocentric rapge of the satell i te,  

(c)  z /R = declination. 

Let n denote the diurnal frequency, i. e . ,  (1 s iderea l  day)-' ,  and 1st 

a denote the instantaneous iner t ia l  perturbing accelerat ion f r o m  tidal 

forces ,  solar  p re s su re ,  higher moments of the ea r th ' s  gravity, ete.  

Then the l inearized equations of motion for sma l l  displacements a r e  

+ 

- 4nnk.-3(2nn) 2 y = a 
Y (b) 

The general  solution to these equations of satell i te motion is 

( a )  x = A t Bt t 2C sin(2rrnt t D) t f(t,:), 

y = -2B/(6nn) - C cos ( 2 m t  t D )  t g(t ,  :), (b) 
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+ 
( c l  z = E s i n  (27nt -f F) i- h ( t ,  a )  

-+ 
In t h e s e  equa t ions  f ,  g,  and  h r e p r e s e n t  func t ions  that  depend on a ,  

but A th rough  F r e p r e s e n t  c o n s t a n t s  of i n t eg ra t ion  which a r e  i n -  

dependent  of t he  p e r t u r b i n g  f o r c e s .  

T h e  p h y s i c a l  i n t e r p r e t a t i Q n  of the  c o n s t a n t s  A - F b e c o m e s  a p p a r e n t  

by cons ide r ing  t h e m  one a t  a t i m e ;  i. e . ,  t o  u n d e r s t a n d  a n y  one of 

t h e m  assume tha t  all of t he  o t h e r s  v a n i s h  and  the  p e r t u r b e d  so lu t ions  

f ,  g ,  and  h a s  wel l .  A g e o s t a t i o n a r y  satell i te c a n  h o v e r  o v e r  a n y  

point on the  e a r t h ' s  e q u a t o r .  A small d i s p l a c e m e n t  in  the  hove r ing  

point is g iven  by  the  cons t an t  A .  If t he  radius of t he  s a t e l l i t e  o r b i t  

is a l i t t l e  too  small o r  too  l a r g e ,  then  the satellite wi l l  d r i f t  s lowly  

to  the e a s t  o r  w e s t  r e s p e c t i v e l y .  T h i s  is g iven  by  the cons t an t  B ,  

a r a d i u s  e r r o r  i n  Eq. (b) and  i t s  a s s o c i a t e d  d r i f t  i n  Eq. (a).  T h e  

cons t an t  C g ives  a n  osc i l l a t ion  of the  s a t e l l i t e  i n  i t s  o r b i t a l  p l ane .  

T h i s  is c a u s e d  by  a r e s i d u a l  e c c e n t r i c i t y  i n  the  o r b i t .  A s  i l l u s t r a t e d  

i n  the  top v i ew of Fig.  1 the x - y  m o t i o n  a l w a y s  has the  d i r e c t i o n  

ind ica ted  by  the a r r o w s .  

a v e r a g e  s o  i t  m o v e s  a h e a d  of the  g e o s t a t i o n a r y  point ;  and  a t  a p o g e e  

i t  l a g s  behind.  S i m i l a r l y  the  cons t an t  E g ives  a n  osc i l la t ing  m o v e m e n t  

in  dec l ina t ion ,  which m e a n s  that  the o r b i t  has a small r e s i d u a l  inc l ina t ion .  

F i n a l l y ,  t h e  cons t an t s  D and  F d e t e r m i n e  the  p h a s e  of the osc i l l a t ing  

m o v e m e n t s  and  r e p r e s e n t  r i g h t  a s c e n t i o n  of the  node and  the a r g u m e n t  

of p e r i g e e ,  a s  shown on page  1 0  w h e r e  t h e s e  o r b i t a l  e l e m e n t s  a r e  def ined .  

A t  p e r i g e e  the  s a t e l l i t e  is moving  f a s t e r  than  

The  fol lowing s u b s e c t i o n s  s e p a r a t e l y  d i s c u s s  the  u n p e r t u r b e d  (Subsec .  A-1 )  

and  p e r t u r b e d  (A-2)  p a r t s  of Eq. (A-3) and  show tha t  d e c - r a t e  t r a c k i n g  

wi l l  make a n  i m p o r t a n t  cont r ibu t ion  t o  each .  

A - 1  R e s i d u a l  O r b i t  Inc l ina t ion  

T h e  p r i m a r y  p u r p o s e  h e r e  c o n c e r n s  t h e  p r e c i s i o n  d e t e r m i n a t i o n  of the 

cons t an t s  A - F .  S i n c e  a pos i t i ve  i n c r e m e n t  i n  y r e p r e s e n t s  radial 
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Figure 1 Small displacement from geosynchronous orbit a s  seen in 
an earth-fixed coordinate system with its origin at the 
geostationary orbit point. 
x-y ell ipse,  and residual inclination produces the z 
di s p la c em en t . 

Residual eccentricity causes 
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m o v e m e n t  away  f r o m  the  e a r t h ,  i t  fo l lows  tha t  r a n g e  and  r a n g e  r a t e  

t r ack ing  wi l l  b e  v e r y  s e n s i t i v e  to  changes  i n  y.  T h e r e f o r e  the  con-  

s t a n t s  B,  C,  a n d  D which  a p p e a r  i n  E q .  (b) ,  w i l l  be a c c u r a t e l y  

d e t e r m i n e d  b y  r a n g e  and  r a n g e  r a t e  t r ack ing .  

with the  f a c t  that  the  cons t an t s  A, E, and  F do not a p p e a r  i n  the  

equat ion  f o r  Y . In  f a c t  E a n d  F, which g i v e  the  a m o u n t  [ampl i tude)  

and  d i r e c t i o n  (phase )  of r e s i d u a l  o r b i t  inc l ina t ion ,  a p p e a r  only i n  Eq. 

( c )  f o r  z, and Fig. 2 shows that  the o b s e r v e d  r a n g e  r a t e  w i l l  b e  

v e r y  i n s e n s i t i v e  t o  m o v e m e n t s  i n  the  z d i r e c t i o n .  T h e  sens i t i v i ty  is 

down to  only 10% if the  t r a c k i n g  s t a t ion  is s i tua t ed  a t  h igh  l a t i t ude ,  a n d  

the  sens i t i v i ty  d e c r e a s e s  wi th  l a t i t ude  un t i l  i t  v a n i s h e s  if the  t r a c k i n g  

s t a t ion  w e r e  loca ted  a t  the  equa to r .  E v e n  though the  p ro jec t ion  of z 

m o v e m e n t s  a long  the  l ine-of -s ight  is s m a l l ,  i t  would b e  e a s y  t o  dis-  

en tangle  th i s  small p r o j e c t i o n  if only i t  had a d i f f e r e n t  f r e q u e n c y  f r o m  

the osc i l l a t ions  in  x a n d  y. H o w e v e r ,  s u c h  is not the  case f o r  t he  t h r e e  

s inuso ids  in  Eq. (2) all have f r e q u e n c y  n. M o r e o v e r  t h e i r  p h a s e  

r e l a t i o n s  a r e  g iven  by  two cons t an t s  F a n d  D which  cannot  be dis-  

en tangled  without  mul t ip l e  r ange - ra t e  t r ack ing  f r o m  s t a t ions  d i f f e ren t  

l a t i t udes .  T h e  p r e c i s e  d e t e r m i n a t i o n  of cons t an t s  E and  F is a 

s t r o n g  a r g u m e n t  f o r  dec l ina t ion  t r ack ing ,  because z m o v e m e n t ,  which  

O u r  c o n c e r n  here  is 

is d .e te rmined  i n  p a r t  by  the  cons t an t s  E a n d  F, is a l i n e a r  d i s p l a c e -  

m e n t  i n  the  out-of-plane d i r e c t i o n  which c o r r e s p o n d s  to  the  dec l ina t ion  

ang le  [Eq. (A-1 (c) ] ;  i. e . ,  the m e a s u r e m e n t  of o sc i l l a t ions  i n  i n t e g r a t e d  

d e c - r a t e  p rov ides  a d i r e c t  m e a s u r e  of the c o n s t a n t s  E and  F. 

When a s a t e l l i t e  o r b i t  has a p p r e c i a b l e  inc l ina t ion ,  the d e g e n e r a c y  is 

l i f ted ,  a n d  cons t an t s  E and  F m a y  be d e t e r m i n e d  f r o m  r a n g e  rate. 

F i g u r e  A-3 shows  a n  inc l ined  c i r c u l a r  geosynchronous  o rb i t .  

h a r m o n i c  component  of mot ion  in  the  x d i r e c t i o n  r e s u l t s  in  a f i g u r e  8 

pa t t e rn .  

the  surface ve loc i ty  of t he  e a r t h  is s l o w e r  t h e r e  w h e r e  the  surface is 

closer to  the  e a r t h ' s  axis. Depending on the  longi tude of a t r ack ing  

s t a t ion ,  the  second  h a r m o n i c  wi l l  h a v e  a small p ro jec t ion  a long  the  

l i ne -o f - s igh t  and  wi l l  a p p e a r  i n  the  r a n g e  r a t e  d a t a ,  w h e r e  i t  is r e a d i l y  

A second 

T h e  s a t e l l i t e  m o v e s  ahead of the  e a r t h  a t  h igh  l a t i t udes  because 
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Figure 3 Inclined circular 24-hour orbit. The x-dirplrcement ir a 
second order effect that i s  noticeable with sufficient inclination. 
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identified by the second harmonic signature.  ~ The equation for the 

second harmonic can then enter  the orbit  detdtrmination p rogram to 

strengthen the solution. However, for  the ATS-F satell i te the orbit 

is supposed to be geostationary a s  well a s  geosynchronous, and the 

residual inclination is supposed to be l e s s  than 1 . 
component discussed above is proportional to 1 -cos  of the inclination, 

which for  the small values expected will be l e s s  than 0.00015. 

0 The harmonic 

A - 2  Tidal F o r c e s  

The constant A in Eq. (A-3 (a)) tells  the position on the equatar over 

which the satell i te hovers  initially f t  = 0)  and B gives the d r i f t  in 

hover position. Obviously A and B (and other pa rame te r s  as  well) 

can be determined through their effect on the phase of the tidal acce le ra -  

tions by’’ the sun and moon, 

have their l a rges t  effect on a geostationary satel l i te  in its declination 

movement, i . e . ,  z a s  opposed to x or  y. 

In this subsection we show that tidal fo rces  

The tidal accelerat ion acting on the satell i te is the vector difference 

between the accelerat ion of the satel l i te  and the accelerat ion of the 

ear th  a s  caused by a third body. F igure  4 is a s e t  of vector d iagrams 

showing the accelerat ion on a satell i te in two views, a polar view at  
the top of the page, and a view f r o m  within the equatorial  plane a t  the 

bottom of the page. 

a s  the third body; a s imi la r  d iagram applies to the sun. The tidal 

acceleration vec tors  a r e  given for  8 positions of the moon a t  45‘ 

intervals ,  which covers  a complete c i rc le  w i t h  this interval.  The 

tidal accelerat ion vector was estimated for each position i n  the manner  

shown in the sample vector d i ag ram for position 2 which is inset  in 

the middle of the page. 

i. e . ,  a negative declination. 

In this f igure we have a rb i t r a r i l y  chosen the moon 

The moon is shown in a southerly direction, 

F o r  our purposes the mos t  important feature  of the d iagram is the r a t e  

a t  which the x, y,  and z components of the tidal accelerat ion oscil late,  
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In  the x and y directions the tidal accelerat ion vectors  encircle  the 

satell i te twice per  lunar day, while the z component of accelerat ion 

oscil lates once per  lunar day. Note that a lunar  day is slightly longer 

than a so la r  day, about 25 hours.  Recall  that the frequency n that 

appears  in Eqs.  (A-2) and (A-3) corresponds to one s iderea l  day. 

This means that the z component of tidal accelerat ion represents  a 

nearly resonant driving force,  while the other components a r e  near ly  

second harmonic,  In other words,  the effects of z accelerat ion will 

accumulate day af te r  day, while the effects of x and y accelerat ion 

wi l l  average to near ly  z e r o  a t  the end of each lunar day. The effects 

4. 1- 

of resonance versus  non-resonance a r e  inversely proportional to the 

square of the frequency discrepancy, i. e . ,  

amplitude - (f - n>- 2 , 

where f is the frequency of the driving force  in question, Thus, the 

lunar perturbation is about (28) t imes s t ronger  in dec,  and the solar 
perturbation is (365) s t ronger .  These f ac to r s  m o r e  than cornpenaate 

(by f a r )  for  the fact that the z component of tidal force  is the smal l  

component. However, twice a month (year) when the moon (suq) 

c rosses  the equatorial  plane, i. e . ,  0 declination, the z component Qf 

t ida 1 a c c ele r a t ion will vanish, 

2 
2 

In this subsection we have shown that the most  sensit ive measurement  

of lunar and solar perturbations,  and accordingly the most  sensit ive 

way of referr ing the satel l i te  position to the angular position of these 

bodies, is by tracking the variations in satell i te declination. 

.t. -r 
"Lunar day" h e r e  r e f e r s  to the period of the moon crossing any ear thly 
meridian,  not to sunr i se  and sunset as  observed on the moon. 
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APPENDIX B 

MICROTHERMA L MEASUREMENTS 

A t  X-band and optical wavelengths, the principal e r r o r s  in the refract ive 

index a r e  caused by tempera ture  fluctuations in the troposphere.  Except 

fo r  the VLBI  sys tems,  the baseline is not long enough to support appreciable 

p r e s s u r e  differences.  A t  s e a  level the thermal  expansion coefficient for  

optical phase path is 10  -6 pe r  degree Centigrade. 

We a r e  interested only in the differences in tempera ture  between two 

simulated l ines  -of -sight averaged along the line -of -sight and averaged for  

s eve ra l  minutes of t ime. The effects of rapid.fluctuations can be removed 

by data smoothing techniques, and equal tempera ture  changes a t  the two 

stations have no effect on in te r fe rometr ic  data. 

ture  on air tempera ture  fa i l s  to meet  one of the following cr i te r ia :  

Most of the published l i t e r a -  

Differences must  be available over distances on the o r d e r  

of one kilome t e r. 
The slow variations mus t  be recorded  (no high pass  f i l t e r  

in the system),  

The data must include mountainous o r  deser t  a r e a s  

that a r e  suitable as observatory sites.  

-I. *,- 

J, 0- 

::: 

For these reasons  we were  compelled to make  our own measurements .  

We chose Mt. Pa lomar  as a typical si te,  m e r e l y  because suitable towers 

w e r e  available, and because i t  is  difficult to make e lec t r ica l  measurements  

on Mt. Wilson where commerc ia l  television t r ansmi t t e r s  cause seve re  

R F I .  

Two field t r ips  were  made. 

9 May 1969 until  1400 10  May. 

8 July 1969 to 1800 9 July. 

indicate that the wors t  t empera ture  differences a r e  about 3OC independent 

of the length of baseline. 

m e t e r s  which implies  that  the e r r o r  in the difference between two in t e r -  

fe rometr ic  propagation paths is about 

On the f i r s t  we recorded data f r o m  1400 PDT 

On the second we recorded f r o m  1300 PDT 

The resu l t s  w e r e  fa i r ly  consistent. They 

This difference has a scale  height of about 20 
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3 deg x lO-'deg-l x 2 0 m  = 60 microns ,  

when the sys t em looks a t  the zenith. 

l oop ,  which corresponds to an elevation angle of 3 7 O  instead of 90'. 

Often, especially a t  night, the e r r o r  will  be only a third a s  much, i. e. , 
3 3 ~ .  

A s  a typical e r r o r  we have chosen 

Details of the two t r ips  follow. 

B-1 Mt. Pa lomar  on 9 and 10  May 1969 

Temperature  data were  taken a t  two points on Mt. Palomar,  approximately 

three  ki lometers  distant to simulate a n  in te r fe rometr ic  baseline. These 

points a r e  shown a s  stations 1 and 4 on the m a p  of p.109. 

a micro thermal  tower slightly northwest of the 200 inch telescope and the 

ranger  lookout tower onHighPoint to the east .  

long tungsten res i s tance  thermometer  suspended f r o m  the top, which 

averaged the tempera ture  a l l  the way f r o m  the top to the bottom, simulating 

the des i red  average of the tempera ture  along the line-of-sight of a te le-  

scope. 

tempera ture  dependence to substitute f o r  re f rac t ive  index. Each res i s tance  

thermometer  consis ts  of approximately 200 feet  of thin tungsten wi re  folded 

back on i tself  to make a 100  foot s enso r  to go in  one a r m  of the Wheatstone 

bridge. 

Each is insulated and covered with aluminum foil to reflect in f ra red  radiation 

f r o m  the environment and thereby give a t rue  m e a s u r e  of air tempera ture  

when i t  i s  not in  d i rec t  sunlight. 

enough that one can l e a r n  to make correct ions with appropriate  study. 

The stations a r e  

At each tower we had a 

Hall [Ref. 281 has  shown that the wi re  average has  the appropriate  

The res i s tance  of each sensor  is approximately 10, 000 ohms. 

The effect of d i rec t  sunlight was smal l  

On the micro thermal  tower, station #1, we had two point tempera ture  sensors ,  

thermocouples, one 45 feet  and one 80 feet  off the ground, with which we 

hoped to l e a r n  something about the proper  way to extrapolate the tempera-  

ture  readings to g rea t e r  height. 

thermocouples with a sensit ivity of 52p volts/deg C. 

The point s enso r s  were  iron-constantan 
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The measu remen t s  began about 1400 PDT, May 9, and ended about 1400, 

May 10. The weather  was pleasantly cool, winds variable in direction 

averaging about 1 5  knots. However, during the middle of the night the 

a i r  was s t i l l  a t  the micro thermal  tower but blowing 15 knots a tHighPoint .  

Seeing a t  the observa tory  was unusually good that night, the as t ronomer  on 

duty reporting one second of a r c  and somet imes  better.  The data taken 

at night were  excellent, but during the day d i rec t  sunshine on the senso r s  

had a significant effect. However, we were  able to salvage two good 

daytime points, one on each day when passing clouds happened to shade 

the towers  sufficiently. The night was c lear ,  but both days had sca t te red  

cdouds. The two day points a r e  not plotted with the night and twilight 

data. On 9 May, between 1500 and 1515, the tempera ture  at High Point 

was 0.9 cooler than the micro thermal  tower. The cloud p a s s  on 10 May 

is not quite a s  valid because the micro thermal  tower was  shaded approxi- 

mately 40 minutes e a r l i e r  than the High Point tower, but fo r  what i t  is 

worth, the High Point tower was w a r m e r  by 2. 3OC. The reduced data 

fo r  twilight and nighttime are shown on the three  graphs on the following 

pages. In these graphs the words "upper" and "lower" r e fe r  to the two 

thermocouples located on the mic ro the rma l  tower. 

readings a r e  degrees  centigrade relat ive to an  unknown origin. 

f o r  ail of the points that are known to be valid, e i ther  day o r  night, the 

difference in  tempera ture  between the two stations did not exceed l 0 C ,  

except during the twilight cooling off and heating up periods. 

graph shows the tempera ture  difference between the Ranger Tower and the 

mic ro the rma l  tower plotted on the s a m e  sheet  a s  the tempera ture  difference 

between the two thermocouples on the mic ro the rma l  tower. 

of this plot is to s e e  i f  a considerable portion of the tempera ture  difference 

between the two towers  can be explained solely as  a resu l t  of their  altitude 

difference. A s  shown on the map, High Point is  at 6140 feet ,  while the 

mic ro the rma l  tower is a t  5550 feet, a difference of 590 feet  elevation. 

The graph  does show the tempera ture  differences due to elevation correlat ing 

with the tempera ture  differences of the two towers;  however, this correlat ion 

is not reliable without fu r the r  a tmospheric  information as shown by the 

0 

All tempera ture  

Note that 

The third 

The purpose 
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event a t  t ime 2100 where the two curves  fluctuate in opposite directions.  

The thermocouple data a r e  not quite a s  useful a s  we had hoped, f o r  

extrapolating the tempera ture  differences to g rea t e r  altitude. 

a s  the f i r s t  graph shows, the tempera ture  excursions a t  the top of the 

tower a r e  somewhat l e s s  than those halfway down a s  one would expect. 

This lends support  t o  the plausible argument  that air is bet ter  mixed a t  

higher altitude and that the tempera ture  differences between towers  can 

be expected to decay with some reasonable sca le  height. The data f r o m  

the second field t r i p  showed this scale  height to be approximately 20 m. 

A condensed interpretat ion of the experimental  data is that on some nights 

we can expect tempera ture  differences a s  sma l l  as 1 C over 3 ki lometers .  

One degree  implies  a refract ive index difference of 1 0  , which, a s  we 

have shown, is an encouraging result .  

However. 

0 

-6 

B-2 Mt. Pa lomar  on 8 and 9 July 1969 

On this t r i p  the senso r s  were  distributed horizontally a s  well a s  vertically 

to give a rough m e a s u r e  of the optimum length of an  in te r fe rometr ic  

baseline. 

t emporary  ones. We used a total of nine res i s tance  thermometers ;  each 

was wrapped in aluminum foil to reflect  ambient radiation, and each was 

shielded f r o m  the sun by a sma l l  roof that is painted white on top and 

covered with shiny aluminum on the bottom. 

We used four  towers,  two permanent 100  foot ones and two shor t  

The map  indicates the location of the four towers  used f o r  micro thermal  

measurements .  Station 1 is the 100  foot mic ro the rma l  tower nea r  the 

dome of the 200 inch telescope. 

Tower a t  High Point. 

tied onto sma l l  telephone poles. 

one about midway up and the other a t  the top. 

equipped with three  the rmis to r s  to make  a total of 9 res is tance thermometers .  

Station spacing, alt i tudes,  and thermis tor  spacings a r e  given in Table 1. 

The wind was s o  slight and variable on both days that we made no attempt 

to r eco rd  it .  

Station 4 is the 100 foot Ranger Lookout 

Stations 2 and 3 a r e  portable telescoping towers 

Stations 1, 2 and 3 had two thermis tors ,  

Station 4 a t  High Point was 
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Fig.p.118 shows the temperature t races  of five of the nine thermistors. 

The lowest thermistor on each tower was omitted in this figure to reduce 

clutter. 

differences, so  the readings of the bottom thermistor a r e  shown in sub- 

sequent figures. 

This figure is intended primarily to show horizontal temperature 

Each trace in this figure represents a diEEerent tower 

with the exception of the two t races  labeled "T4mid" and "T top", which 

represent the middle and top thermistors of the trio at  High Point. 

two t races  stay closer together than the others a s  expected. 

largezgap in the data f r o m  Station 4 owing to the failure of a battery to 

hold i t s  charge. 

ture cycle, and they a r e  all'considerably smoother at night than they a re  

during the day. 

4 
These 

There is a 

I 

A s  expected, the curves all show the diurnal tempera- 

F o r  our study the most significant result to be gained from Fig. p. 118 

i s  the extremely, close correlation between the temperatures a t  Stations 2 

and 3 ,  about 1. 2 kilometers apart, and the much smaller correlation 

between the temperatures at  Stations 3 and 4, only about 100 meters  apart. 

Clearly the distance of separation, or  simulated baseline, is not the major 

factor in determining how well the temperature of one station tracks that 

of another, nor does the altitude of the station offer any explanation a s  

Table 1 and the contours on the map show. We suspect that the strong 

correlation between 2 and 3 and the lack of correlation between 3 and 4 

can only be attributed to the characteristics of the particular mountain 

and the weather pattern of the particular days. j' 

. Any-conclusions based on a two-day sample of weather and air flow patterns 

is, of course, very tentative; however the results of Fig. p. 118 do indicate 

c* that a laser  interferometer system should employ the longest possible 

baseline that mountainous terrain and land acquisition permit, and that 
I a microthermal survey of candidate sites f o r  the stations is advisable if 

tiine and funds permit. 

by recalling that the angular e r r o r  in an interferometric measurement i s  

proportional to AT/b, where b is the baseline length. The difference 

The reason f o r  long baseline is  readily understood 
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between phase paths along the two lines-of-sight has an e r r o r  proportional 

to CT, and division of this e r r o r  by b converts the linear e r r o r  to an 

angular e r ror .  Now if AT i s  nearly independent of b a s  our results fo r  

8 and 9 July indicate, then the e r r o r  i s  minimized by choosing the maximum 

possible b . 

Vertical variations in temperature a r e  best indicated at Station 4 where we 

had three thermistors. 

a t  High Point was chosen f o r  the main study of vertical distribution, 

because even the lowest thermistor i s  a t  an  altitude well above the pe r -  

turbing effects of t rees  and other terrain features,  since the tower i s  

located on a rocky point. 

Point is approximately 40 feet. 

the middle and top thermistors correlate considerably more closely than 

the middle and bottom thermistors. 

differences to an exponential function and determine an approximate 

scale height f o r  the temperature fluctuations of interest. This scale 

height for ' the decay of vertical temperature gradients turns out to be 

onAy 20 meters.  ' I .  This is a somewhat shorter distance than we had 

expected and therefore an  encouraging result. Moreover, the vertical 

These data a r e  shown in Fig. p. 120. The tower. 

The spacing of the three thermistors at  High 

Fig. p. 120 shows that the temperatures at  

We can f i t  the rms te-rnperature 

J. 

I .  gradient sometimes reverses  sign, s o  that e r r o r s  will tend to cancel out 

F o r  example f o r  a period of about in integration along the line-of-sight. 

' 2 ;  hours near 1600 o'clock on 8 July note that the middle thermistor at 

High Point was cooler than either the top o r  the bottom. 

, 1 2 3  show the vertical temperature differences on the other towers which 
a r e  all of comparable magnitude. 

Figs. pp. 121 to 

At a l l  stations the vertical temperature 

differences more  o r  l e s s  follow the normal beha-vior in which the bottom 

is  warmer during the day but cooler at  night. 

J, -6- 

Recall that this scale height applies to relatively slow frequency 
components in the fluctuation of temperature and i s  not to be, confused 
with the heights a t  which rapid temperature fluctuations cause degradation 
in astronomical seeing. 
derives f r o m  the fact that we a re  planning to count interferometric fringes 
over a relatively long period of time. 

Also recall that the interest in slow fluctuation 
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A P P E N D I X  C 

R E F R A C T I O N  IN THE T R O P O S P H E R E  

The refract ivi ty  N of air is usually expresqed as  pa r t s  pe r  million of the 

refract ive index n , i. e. 

6 N = 10 (n-1)  

F o r  our optical es t imates  we used the constants given by Allen [Ref .  121: 

29,498 + 255.4 . 
-2 a 

No(X) = 64. 328 t 
146 - X - '  41 - 1  

0 for  t = 15 C, p = 760 t o r r ,  in d r y  a i r ,  and h = wavelength in microns.  

F o r  other  values of pa t ,  f (humidity) 

- -6 - 
- 1 + ( l e  049 - .  0157t)lO p 

1 
N p ,  t, f ,  A) = l t . O 0 3 , 6 6 l t  {g&~ 

-l - (0.  0624 - . 000,680 X-')f , 

where f an>d p a r e  in  t o r r ,  t in deg C. Evaluation of the par t ia l  

derivatives of the principal terms shows that temperature  is responsible 

for  most  of the troublesome fluctuations. F o r  Mt. Yopkins conditions 

= -0.706 pe r  deg C. 

1 p = 569 t o r r  
I f = 10 t o r r  

F o r  microwaves 

N(p, t, f )  = 8 -'(O. 3787p t 0. 33f) t 6. 70 f0-2 

..,. 
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where 

0 = 1 t 0.003661 t 

Two partial derivitives indicate that fluctuations in both temperature 

and humidity a r e  troublesome 

- 1.138 per deg. 
0 t = 1 5  

p = 569 tor r  
f = 10 tor r  

Thus tropospheric disturbances a r e  somewhat more severe in the 

microwave bands. 

As we noted, existing l i terature on a i r  temperature was not used for 

our numerical estimates, because it failed to give data for the particular 

statistic that affects interferometry. However, some data f rom the 

literature is at least related. 

refraction in a i r  a t  close points. 

radio and optical frequencies to remove refractive effects by extrapola - 
tion. 

altjtude, but -do not cover a significant simulated baseline. [Ref. 501 

Dodd e t  a1 [Ref. 481 have correlated 

Thayer [Ref. 491 has used multiple 

Aircraft and balloon measurements have extended the measured 

Other tables "and empirical formulae f o r  refractivity a r e  available 

[Refs. 51, 521. 
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APPENDIX D 

SATELLITE R A N G E  EQUA TIONS 

In this appendix we derive the various quantities and formulas needed to 

solve the radar and l idar range equations. -This is done in three steps, 

Firs t ,  the various ways of specifying satellite reflectors a r e  converted 

to a single figure-of-me,rit f o r  reflectors called Q . Next the orbits of 

existing satellites of interest a r e  taken into account to give a Q for  

each of the satellites. Finally, Q i s  incorporated into a range equation 

from which the transmitter power requirements may be derived. 

range equation takes various forms depending upon whether the system is 

sat  

sa t  
The 

continuous wave, pulsed, microwave, o r  optical. 

D. 1 Figure-of-Merit f o r  Satellite Reflectors 

A convenient quantity for describing the return of radiant energy from 

satellite reflectors i s  the ratio 

- Photons per  sterradian - returned along line-of-sight - o 
= Photons per  square meter  - incident on the satellite 

-_c_ 4n, ( D - l a )  

where- o is the radar cross-section. 

F o r  the panel of quartz retroreflectors on the moon, this quantity is 

estimated to be Q = 5 X 1 0  

from favorable directions during the lunar night. 

using this panel only at  1.061.1 (the neodymium la se r  wavelength), we must 

apply a correction factor. The angular spread of reflected light is almost 

a s  small a s  the diffraction limit of the individual reflectors, so  the angle 

i s  proportional to the wavelength X and the solid angle to X . Therefore, 

the correction factor i s  (0 .  6943/1.06) 

7 2  m /s te r ,  f o r  light a t  6943A0 [Ref. 47 ] 
Since we have considered 

2 

2 = 0.429, which gives 

7 2  2 Moon: Q = 2.1 X 10 m /ster ,  o r  o = 270 km . 

Properties of other satellite retroreflectors a r e  published in a different 

form by the Smithsonian Astrophysical Observatory (SAO). Lehr [Ref. 2 3 
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l ists  the-effective a rea  A and divergence 0 of the return beam. These 

can readily be combined to give Q ;  letting UJ be the solid angle of the 

return beam, 

hotons returned 
W 

photon return per  sterradian = 

photons returned = A X photon flux , giving 

return/s ter  - A Q E  - 
flux w 

, and 

( D - l b )  

4. 85 X 10-6rad 
a r c  sec which gives 'IT In the, retr"oref1ector case, W = r (  8 X 

Q =  0. 54 X 1011A/02 ( D-2a) 

where A is  in m2 and 0 in a r c  sec. 

f o p  1. 06p,. the result is  

When the correcti"on i s  made 

Q (1. 06y) = 2. 32 X 1 0 1 0 A / 0 2 ( 0 .  691-1.) ( D-2b) 

When the retroreflector is  diffraction limited, i ts  gain is  determined 

only by i ts  effective a rea  A e  , and 

where is  the efficiency of reflection. Hence ref 

( D-ZC) 

This completes the specification f o r  retroreflectors, and the next step i s  

to derive Q f o r  balloon satellites. In this case, Q will be independent 

of X since X<<the balloon radius, and geometric optics applies in all 

cases consideredherein. There a r e  two conditioos of the balloon to 
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consider.: One case is a taut sphere and, one the other is wrinkledwith 

age and meteor impacts. 
that the specific satellites considered here a r e  not yet wrinkled, a s  

Echo 1 and 2 were in their old age. 

We give formulas f o r  both cases, but we assume 

We assume that wrinkles give a lambertian reflection in which case 

w = TT and A = rrr2 , and Eq. (D-1)  gives 

Q(wrink1ed) = r2 = (db/2) 2 (D-3)  

where db is the balloon diameter. 

occur a t  one small highlight where a line-of-sight to the center of the 

balloon intercepts the specular surface. 

-radius e which surrounds the highlight on the balloon as shown in.Fig,. p. 129, 

The return from a taut balloon wi l l  

Consider a small circle of 

The signal that impinges on the circle re-radiates from a virtual 

focusat the distance 

c / ( r / 2 )  = 2 e / r  and solid angle UJ = n(2e / r )  . Substituting this into 

Eq. (D-1) along with A = ne gives 

r / 2  behind the circle, filling a c m e  of half angle 
2 

2 

(D  -4) Q(taut) = ( 1 - / 2 ) ~  = (db/4) 2 

Equations (D-3)  and (D-4)  show that a lambertian sphere gives four times 

a s  much return a s  a specular sphere, but the lambertian sphere is 

nevertheless undesirable in most cases, since the observer wil l  see 

strong scintillations that result from random interference of the 

radiation f r o m  the various wrinkles. 

D. 2 Range Equations 

The task of this subsection is to fit the Q factors defined above into a 

general range equation. Let us  define 

R E range to the satellite 

d f effective telescope aperture diameter e 
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divergence angle of the upgoing beam 

seeing angle, i. e . ,  the minimum divergence angle of a beam 
through the atmosphere (dn = down) 

one-way efficiency factors (that a r e  squared f o r  two-way 
propagation) and a r e  not inchded elsewhere, e. g . ,  trans- 
parency of the atmosphere and aperture efficiency of the 
tele scope. 

Note that eUp 2 edn.  In laser  tracking, 8 is often 1 mrad, which is 
greater than edn to assure  that the beam intercepts the satellite. This 

is  necessary because the satellite ephemeris predictions and telescope 

pointing e r r o r s  do not currently permit blind pointing to accuracy better 

than 1 milliradian. The reason why d i s  an effective value and therefore 

sometimes different from the real  aperture, will be discussed later. 

UP 

e 

From the definition of Q, the power o r  energy received is 

(ER o r  PR) = qQ X 

where energy E applies to pulse cases  and power P to CW cases. 

The quantities in square brackets a r e  readily evaluated: 

Substitution 

L S  

gives the propagation loss factor: 
2 

- pR o r  5 = (  Q 
pT ET 
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n 
ET in joules of energy, and E Finally,, we expres s  

photons (i. e . ,  1 s c  = 4. 85 p a d ,  and 1 photon energy = hc/X). 

result ing loss  factor  is 

in  

The 
R 8 i n  s e c ,  

29 photons-sec -' (2 ) 'QSat). 
J -micron  L = 2.14 X 1 0  

where 
- Q  - -  

Qsat  - R4 
(D -7 )  

' -4 The advantage of combining R and Q is that all the pertinent proper t ies  

of the satel l i te  and i t s  orbit  a r e  collected into the Q factor ,  which is s a t  
tabulated in Appendix E for  some satel l i tes  of interest .  

D. 3 Variations of the Range Eauation 

Unlike the existing l a s e r  satell i te tracking sys tems,  the optical ones 

studied he'rein employ coherent optical rece ivers  which in cont ras t  to 

photon counters p r e s e r v e  the phase of the optical wave. 

been built: 

the studies descr ibed in the main text. These rece ivers  differ f r o m  

cooled photon counters  in that the signal-to-noise ra t io  is not determined 

by the total received power ( o r  energy p e r  pulse o r  photons per  pulse),  

but r a the r  by the power density p e r  unit solid angle per unit a r e a  of the 

incoming beam. In sys t ems  where the solid angle (proportional to image 

a r e a )  is se t  by atmospheric  seeing conditions, there  is l i t t le to be gained 

by increasing the ape r tu re  a rea .  

Two types have 

optical heterodyne and l a s e r  amplifier"; both a r e  included in 

The rece iver  collects m o r e  signal and 

.t, 1. 

The t e r m  " l a se r  amplif ier ' '  is redundant because a in  l a s e r  means  
amplification. However, since we are accustomed to l a s e r s  having 
feedback m i r r o r s  to convert the amplif ier  into an osci l la tor  OP optical 
power source,  we need to distinguish the "pure" amplifier.  
t e r m  would be "traveling-wave l a se r "  as opposed to "standing wave 
l a se r .  I '  

A proper  
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more noise while the ratio remains constant. However, if the aperture 

diameter is less  than 

then the solid angle i s  determined by diffraction and is  inversely 

proportional to aperture area. 

signal-to-noise ratio i s  proportional to aperture area.  

cases (atmosphere and diffraction solid angle) we define 

In this diffraction-limited case the 

To cover both 

r d, d < d o  

de = l. d o ,  otherwise 

where 

d is actual diameter, 

d i s  effective diameter, and 

do i s  given by Eq. (D-8)  
e . 

In reality, d 

a r e  beyond the scope of this study. 

does not saturate quite so sharply a t  d o ,  but such details e 

D. 3 .1  Pulsed Nd Laser  System 

This system has 

cases is larger  than the diffraction limit, and seeing determines the 

solid angle and noise level. 

into Eq. (D-6)  gives 

X = 1. 06y, so  short that the aperture in all  practical 

Putting d 2 do and substituting Eq. (D-8)  

28 sec -4 m’photons 
Nd.: L = 1.47 X10 

J-micron up dn 
(D-9)  
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D. 3 .  2 Carbon Dixoxide L a s e r  System - General 

This sys t em uses  continuous waves instead of pulses,  s o  we wish to know 

the power to receive some required signal-to-noise ra t io  instead of some 

number of photons. 

power a t  the input to the rece iver  cor responds  to 

second, where q is the quantum efficiency (probabili ty of a detection 

event p e r  photon) of the inf ra red  detector. Signal-to-noise ra t ios  have 

been demonstrated to correspond to this formula with q FJ 50%. Hence, 

the requi red  photon input r a t e  a t  the rece iver  is 

S / N  is the power signal-to-noise ratio,  and T) has  changed to q to 

include a n y  other efficiency fac tors  that a r e  pecul iar  to the receiver .  

Recall  that the other efficiency q is squared  because i t  applies to the 

antenna, a tmosphere,  and anything e l se  involved in  both up and down 

Oliver [Ref .  2 6 1  has shown that the equivalent noise 

B /q  photons pe r  
q 

q 

9 
( S / N ) (  B / q r ) ,  where  

q r 

propagation. The product ( S / N ) B  is closely related to the information 

ra te  in  communication theory, s o  l e t  us give i t  the symbol: 

r (power S / N )  X B 

In this form,  the requi red  t ransmi t te r  power is r / z L ,  or  

L 

%) (D-10)  -30 w - u  r CO general:  PT = 4.7 x 1 0  
ridr Hz-sec p 2  Tr’Qsat 2 

where Eq. (D-6 )  was used  for  L ,  and the subscr ipt  e was dropped f r o m  

d ,  because the effective ape r tu re  of the telescope is the r ea l  aper ture ,  

since the diameter  wil l  be  l imited by cost  in this c a s e  ra ther  than by 

seeing. Also photons p e r  joule was changed to wat ts  p e r  her tz  (both 

of which have the dimension of energy) in Eq. ( D - l o ) ,  a s  is appropriate  

with continuous wave reception. 
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D. 3. 3 Carbon Dioxide Laser System - High Gain 

Equation (D-10) allows f o r  the possibility of a defocused upgoing beam to 

acquire a satellite despite an appreciable ephemeris e r ro r ,  However, 

the CO 

o r  retroreflectors on the moon. 

laser  system is most suited f o r  use with synchronous satellites 

In these cases target angles a r e  known 
2 

and a diffraction limited 8 i s  used, the same a s  8 in Eq. (D-8). 
Expressing Eq. (D-10) in te rms  of d 

UP dn 
and ddn gives 

UP 

(D-11) rX 
2 

(qdUpdtin) T'rQsat 

2 -31 m -w CO high gain: PT = 3.2 x 10 Hz-ll 2 

D. 3.4 Microwave System 

One more modification of the range equation wil l  conclude this section. 

This is the one applicable to microwave reflection from the balloon 

satellites. Microwave antennas a re  usually specified b.y the gain G ,  

which tells the power gain in the forward direction relative to isotropic 

radiation of the same power. G includes the efficiency factor T); i, e . ,  

I T 2  - - e  q effective 
G solid angle - 4 " = [  3 

We could convert Eq. (D-9) to the microwave case using this equation to 

intorduce G and replacing photon energy with kT , the unit of thermal 

noise energy ( k  E Boltzmann's constant), where 

temperature of the receiving system. 

to s ta r t  over from firs t  principles. 

T i s  the effective noise 

However, i t  i s  probably easier  

The power received is  
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where the various fac tors  a r e  interpreted a s  

(1s t )  = flux a t  the satell i te 

Q = re turn  p e r  s t e r r ad ian  

(2nd) = amount intercepted by effective receiving a r e a  

(3 rd )  = 1, but in a f o r m  that converts equivalent a r e a  A to G e 

However, P = ( S / N )  X B X ( spec t r a l  density of thermal  noise) ,  o r  

PR ,= rkT  . Collecting t e r m s  and solving f o r  PT gives 
R 

-2 1 watt r T  Microwave: PT = 2 . 2  x 1 0  Hz-deg Qsat(hG)Z (D-12)  
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APPENDIX E 

SPECIFIC SATELLITES A N D  THEIR ORBITS 

The table on p.137 gives data f o r  ten objects of special interest and 

Figs. p.138 through 141 show some representative orbits. 

a r e  the largest  balloon satellites and seven a r e  satellites (including 

the moon) that have retroreflector panels. A s  noted in Sec. 1. 2 the 

orbits of balloon satellites a r e  not predictable enough f o r  geodetic 

o r  similar studies, since random forces such a s  variable earth albedo 

act on the balloon. However, the balloons a r e  listed anyway a s  convenient 

test bodies, o r  perhaps f o r  study of the random forces. 

Three objects 

Factors for the range equations of Appendix D appear in columns 9, 
10, and 11 of the table. 

(T = 4nQ, column 10. 

equation a r e  fully discussed in Appendix D. 

valid f o r  radar a s  well a s  lidar. 

when a balloon becomes wrinkled (but not collapsed) in i ts  old age (i. e. 

a diffuse reflector). Qsat = Q / R 4  was evaluated only at the range in 

column 9 ,  which i s  nearly the longest range at  which the satellite wil l  

appear a t  a suitable elevation f o r  tracking from any point on earth. 

These long range values were selected partly to keep our estimates on 

the conservative side, but mainly because there is  much more tracking 

t i x e  near apogee than there i s  near perigee, a s  is shown in column 8. 

The lidar (optical radar)  cross-section is  

This quantity and various forms of the range 

F o r  the balloons, Q is  

For lidar, Q should be quadrupled 

The representative orbit figures show the a r c s  over which tracking time 

was estimated and the 45O lines-of-sight near apogee for  which radar 

(lidar) range was measured. 
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IAPOGEE 

Orbit  of Pageos A (1966 56A) 
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APOGEE 

t 
PER1 

Orbit that represents  average of Explorer  XXXIX and Geos. 1 
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APOGEE 

PERIGEE 

Orbit that represents average of D1-C, BE-B, and BE-C 
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APPENDIX F 

ORBIT PERTURBATIONS DUE TO 
FLUCTUATING EARTH ALBEDO 

Residual orbit  perturbations due to random'fluctuations in e a r t h  albedo 

will  s e t  the lower l imit  to orbi t  predictability. The following order -of -  

magnitude es t imate  of this effect is based on the simplifying assumption 

of a c i r cu la r  orbit, deviations f r o m  which a r e  denoted by x (measured  in 

the forward  orbit  direction),  y (along radius f r o m  ear th)  and z (normal  

to orbit  plane). Let U, denote orbi ta l  angular velocity 2T/T , and l e t  a 

be the instantaneous iner t ia l  perturbing acceleration. 

-b 

The ( l inear ized)  

coordinate equations of motion f o r  small displacements a r e  i. 

.. 
x t 2 ~ j r  = a 

X 

- -  2 z t w  z = a  
Z ( 3 )  

Equations (1) to ( 3 )  posses s  three  independent solutions f o r  the homogeneous 

case  ( a  = 0) :  
-l 

x = x + v  t, y = -2v / 3 W  9 

0 0 0 (1) 

x = 2A s in  ( U t  t cp ) , y = -A COS (Ut t q0) , 
0 ( 2 )  

z = B sin ( u t  f $o) , (3 )  

the f i r s t  two describing coupled x , y motion a s  "drifting two-by-one 

ell ipses" and the l a s t  describing independent simple'harrnonic 

motions. 

slightly differing in semimajo r  axis ( l ) ,  eccentr ic i ty  (21, and orbi t  

plane tilt (3). 

z 

These motions represent  the appearance of a nearby orbit  
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Because of the geometry of albedo forces (See Fig.p, 103) the major 

component of the fluctuating part  wil l  be radial (a  ). In general, the 
Y 

response of the displacement coordinates to an arbi t rary acceleration 

a can be written 
-b 

+ 7 -t. - .$ 3 + 
r = {:I = dt' G ( t - t ' )  a x ( t i ) t G  ( t - t i )  a ( t i ) tGz( t - t ' )  az(t'), (4) 

Y Y L X  

3 

where G (t)  represents the response to a unit impulse in the x direction 

a t  t = 0 ; it i s  a linear combination of the above homogeneous solutions 

(1 - 2 )  vanishing continuously,at t = 0 and satisfying 

X 

A 
3 d 

dt x -G ( t )  f = x , 
-8 

A x being the unit x-vector; and so on. 

It can be verified that the response to a radial impulse i s  

2 A 1  A 
3 
Gy(t) = $(cos Ut - 1 ) x  t , (s inW)y,  tzO, 0, t s  0 

the cumulative x and y displacements produced by a acting f o r  

0 5 t 5 T a r e  therefore 
Y 

T 

D ="f ( C O S  u)t - 1 ) a  (T- t )d t  , 
x u )  0 Y 

T 

D = sinwt a (T- t )d t  
Y Y W  0 

(5) 

( 7 )  

For  convenience let 0 =wt be the angle between the earth-sun line and 

the earth-satellite line; a i s  naturally characterized a s  a function of 8: 
Y 

1 4 3  



e 
2 

w o  
D = - (cos 8 -1 )a  (eo-e)dO 

X 2 Y 

Fluctuations in reflected earthlight striking a spacecraft a r e  due to 

variations in cloud cover over the portion of sunlit surface visible f rom 

the spacecraft. 

a surface composed of many distinct a r eas  of equal size occupied at 

random by cloud cover s o  that each a rea  i s  independently subject to cloud 

cover (albedo p ) with probability p o r  f r e e  of cover (albedo p ) with 

probability q = 1-p . The mean albedo i s  

Let us adopt the following model f o r  random cloud cover: 

C f 

F = PPc + 9Pf 

and the mean square albedo variation, 

2 2 
A P  = Pq(Pc - Pf' 

Let 8 (in orbit plane) and b (perpendicular) be the angular coordinates 

of a given surface a rea  element S whose albedo is  p = Vt A p .  It 

receives an incident radiation 

I = I c o s e c o s  b 
S 

and reflects an amount 

in the direction of a distant satellite a t  0 ' .  
in the direction 8 = 0 is  

The total mean reflected radiation 
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. 2  2 I = I p C O S  0 C O S  bd(sinbId0, I b l  * V / 2  , 101 <I - r /Z  
Q S J  

, 
. s  

(an element of surface a rea  being 

ear th 's  radius = 1) o r  

S = A (cos b)A0 in units such that 

- 2I-r 
I 0 = I  s p , - )  \ 3  . 

The value of this quantity, known from existing satellite measurements, 

wil l  be used a s  a constant in subsequent formulae. 

Let a be the appropriate constant to convert directed radiation to light- 

pressure acceleration. 

area,  reflectivity and mass.  The perturbing acceleration a ( e ' )  due 

to the a rea  element S a t  8 ,  b is 

It incorporates the factors of satellite altitude, 

Y 

The displacements produced over a full orbit period wil l  then be 

(See Eqs. (8)  and (9 ) )  
0 t l l / 2  

2 f 
Dx(2n) = 7 a I s A p S  COS$ J ( C O S  0 ' - 1 )  cos(8'-8)de' 

,.I 

0-I-r/2 W 

= -a1 1 A p S  C O & ~ ( T  C O S  0 -4) 
2 s  w 

0+n/2 
1 

D (2I-r) = -a1 ApS cos2+ 2 s  
W 

sin 0 '  cos (0'  - 0 )  de' 

e-rr/z Y 

1 Tr 

2 s  
= --I A ~ S  cos24 - sin 8 

w 
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Area  elements  a t  various locations 8 ,  4 produce perturbations that 

add linearly; since the amplitudes a r e  respectively proportional to 

the independently random albedo fluctuations bp , the net m e a n s q u a r e  

displacements a r e  given by 

and fo r  calculation, 

The geometr ic  integrals  in the result ing expressions a r e  

? 2 8n3 ( X I  a cos4 b(TT cos 0-4) d0d(sin b )  = ; 

(y)  , j i' cos4 b(rr/2 s in  0)2d8d(sin 4) = 15 zrr3 

hence 

1 oy = T O x  ¶ 

or ,  from Eq. (151, 
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Here, 

and Ap is  the statist ical  rms  value, 
k? = f l  is the scale size of the cloud-cover albedo variations, 

Numb e rs . 

We assume the following values: 

2 = 0 . 9 5  x cm/sec  
a10 

1/u2  = 3 . 0 x  10 sec  6 ' *  2 Satellite Pageos 1 
p = q  = 0 . 5  

= 0. 5, p = 9.1  Pc f 

a 2 1000 mi 0. 12 ear th  radii 

W.e then have R A p / p  = 0 . 8  x ,,/m = 1.95 

6 (0. 8 x l O - \ ( l .  95)(0.  95  x 10-3)(3.  0 x 10 ) 0 = 

= 4 . 5  x 1 0  cm 

= 4 .5  meters  , 

2 X 

(5 = 2.2  meters  
Y 
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